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BIOLOGICAL BULLETIN 



THE FORMATION OF STRUCTURES RESEMBLING 
ORGANIC GROWTHS BY MEANS OF ELECTROLYTIC 
LOCAL ACTION IN METALS, AND THE GENERAL 
PHYSIOLOGICAL SIGNIFICANCE AND CONTROL OF 
THIS TYPE OF ACTION. 1 

RALPH S. LILLIE. 

I. Introduction. 
In a recent paper on the nature of the physico-chemical 
processes underlying the conduction of stimuli in living cells 2 
I have called attention to the existence of various significant 
parallels between the transmission of the effects of local chemical 
or other alteration in metals and the transmission of physio- 
logical influence in organisms. These parallels suggest that 
processes of a kind related to electrolysis may be concerned in 
the physiological type of transmission, since such local action 
in metals (e. g., rusting in iron) is now recognized as a phe- 
nomenon of electrolysis, due to the formation of local electric 
couples between adjoining regions of the surface which differ in 
composition or solution-tension. In particular the rapidity with 
which the chemical and other effects at the immediate site of 
stimulation are transmitted to remote resting regions, in rapidly 
conducting tissues like nerve, indicates that any process involving 
an actual transfer of material from active to inactive regions 
cannot possibly form the basis of the transmission. Some in- 
fluence of an essentially different kind is indicated ; and the type 
of phenomenon long known to electrochemists as "chemical 
action at a distance" 3 — in which a chemical change at one elec- 

1 From the Laboratory of General Physiology, Clark University. 

2 Amer. Journ. Physiol., 1916, Vol. 41, p. 126. 

3 Cf. Ostwald's article, " Chemische Fernwirkung," Zeitschr. physik. Chem., 1891, 
Vol. 9, p. 540. 
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trode of an electrolytic cell instantly calls forth a corresponding 
change at the other electrode — seems to furnish the closest 
physico-chemical analogy. In this chemical "distance-action" 
the transmission is directly dependent upon electrolysis — i. e., 
chemical change at the contact of electrode and electrolyte, 
conditioned by the passing of an electric current between the 
electrodes. The possibility that a process of essentially this 
type may occur in living cells is not so remote as might seem at 
first sight, even though conductors of the first class are not 
present. In many respects the conditions at the boundary 
between the living cell and its medium are similar to those at the 
boundary between a metallic electrode and the adjoining elec- 
trolyte. Cell-surfaces are electrically polarized; this polariza- 
tion is subject to change under a variety of conditions; hence 
local circuits readily arise in cells and nerve-fibers as a result 
of stimulation or local alteration or injury. These circuits 
resemble in various essential respects those arising when dis- 
similar metals in metallic connection are placed in contact with 
an electrolyte (the usual battery arrangement); thus (1) the 
potentials can be summed, 1 (2) the potentials vary with the 
concentration of the electrolyte in essentially the same manner 
as in the case of metallic electrodes, 2 and (3) a marked degree of 
polarizability is shown. The inference that chemical changes of 
the nature of electrolysis may occur where currents enter and 
leave the cell-surface would seem to be justified by these re- 
semblances. The existence of such a condition would go far to 
explain many hitherto obscure types of physiological trans- 
mission, besides the conduction of stimuli — for example, the 
transmission of formative or integrative influence in the phe- 
nomena of regeneration, form-regulation, growth and develop- 
ment. The general influence of electric currents upon cellular 
processes would also appear in a clearer light; it is well known 
that formative and other metabolic processes, as well as activities 
like contraction and nerve-conduction, are profoundly influenced 
by such currents. There are also grounds for believing that in 
the restoration of the normal resting condition of cells, after 

1 Cf. Briinings, Pfliiger's Archiv, 1903, Vol. 98, p. 241. 

2 Macdonald, Proc. Roy. Soc, 1900, Vol. 67, p. 325. Cf. also Loeb and Beutner, 
Biochem. Zeitschr., 1912, Vol. 41, p. 3. 
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any kind of activity involving breakdown of material, a process 
of chemical and structural reconstitution or reorganization takes 
place, and that in this process electrical factors play an important 
part. 1 Finally it should be noted that the physiological effects 
at anode and cathode are typically contrasted in a manner which 
inevitably recalls the contrast between the two electrodes in 
electrolysis; and while this resemblance does not prove that 
processes of electrolysis enter in producing the physiological 
effect — since the current may have other kinds of polar action — 
it undoubtedly favors such an interpretation. 

The similarity of certain types of electrolytic deposit to vege- 
tative growths has long attracted the attention of chemists. 
This is especially the case with the so-called lead-trees, tin- 
trees, etc., obtained when salts of these metals undergo spon- 
taneous electrolysis in contact with baser metals; thus when a 
piece of zinc is suspended in a solution of tin chloride or lead 
acetate the metal of the salt is deposited upon the zinc in a 
tree-like branching form; this metallic deposit grows outward 
through the solution because each portion of metal as deposited 
forms a cathodic surface which itself becomes the site of a 
chemical change similar to that at the original surface of dep- 
osition. An analogy to organic growth is evident here; in 
both processes certain substances are selectively removed from 
solution, chemically transformed, and deposited to form a 
definite type of structure. A further resemblance between such 
a process of electrolytic accretion and true organic growth is 
that in electrolysis material may be deposited from solutions of 
all degrees of concentration. In this respect the extension of a 
metallic cathode in a solution of its salt presents a closer analogy 
to organic growth than does the increase in size of a crystal in a 
supersaturated solution, since in organic growth the abstraction 
of food-substances from solution and their transformation into 
structural material or living protoplasm may also take place 
from very dilute solution. 

Structures having a remarkably close superficial resemblance 
to plant growths and other cell-structures are also formed under 
certain conditions (partly described below) from metals under- 

1 Cf. my recent paper in Amer. Journ. Physiol., 1917, Vol. 43, p. 43; see pp. 56-7. 
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going local chemical or electrolytic change in which insoluble 
precipitates are formed. The rusting of iron is an example of 
this general type of phenomenon, although here the deposits of 
oxide, beyond showing a tendency to spread, i. e., to act as 
centers for the deposit of new oxide, do not as a rule show struc- 
tural peculiarities definitely suggesting an organic type of growth. 
Certain other inorganic precipitates, however, such as the ferri- 
cyanides of the heavy metals, especially when formed in the 
presence of protective colloids like gelatine and egg-albumin, 
may be deposited in a filamentous or vesicular form and give 
rise to structures which are strikingly similar, both in morpho- 
logical constitution and in the conditions of their formation, to 
definite cellular or other organic growths. In the present paper 
I propose to describe a number of methods by which these struc- 
tures may be readily formed; and also certain methods of 
accelerating or inhibiting their rate of formation, which appear 
to be closely analogous in their fundamental features to the 
conditions controlling growth-processes in plants and animals. 
Since these artificial growth-structures are beyond any question 
produced by local processes of electrolysis, it seems justifiable to 
regard the various parallels described below as affording strong 
support to the above view that processes of a similar nature are 
intimately concerned in the formation and deposition of struc- 
tural and other materials in living organisms. 

II. Experimental. 
The formation of filamentous growths from an electrolytically 
formed precipitate may be most readily demonstrated as follows. 
A small piece of ordinary iron, e. g., a nail or tack or piece of 
wire, is placed in a 2 per cent, egg-albumin solution (fresh egg- 
white diluted six times and filtered) containing 2 per cent, 
potassium ferricyanide (K 3 FeCye). Within a few seconds the 
blue precipitate of ferrous ferricyanide is seen to form locally 
at various spots on the surface of the metal; the precipitate is 
deposited chiefly in the form of slender filaments which rapidly 
increase in number and length until within fifteen to thirty 
minutes the entire surface of the metal is covered with a blue- 
green filamentous hypha-like growth. Alter a few hours some 
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of the thicker filaments may be several centimeters long, usually 
extending in a straight or sinuous course over the surface of the 
solution. They are hollow, unbranched, of smooth contour, and 
exhibit considerable coherence and flexibility; these properties, 
however, as well as the rate of growth, vary with the content 
of the solution in albumin and ferricyanide. The rate of forma- 
tion also varies with the character of the metal, being in general 
slower with pure than impure specimens of iron; it is also 
greatly influenced by the contact of other metals, as will be 
described in detail below. 

The actual process of formation presents a striking spectacle 
under low powers of the microscope. Within a few seconds the 
precipitate appears upon the surface of the metal in scattered 
regions, at first as minute rounded vesicles each enclosed by a 
thin precipitation-membrane; slender cilia-like filaments then 
push out rapidly into the solution ; these steadily elongate, many 
reaching in a few seconds a length of 50 microns or more. In 
most cases growth ceases abruptly at a length of a small fraction 
of a millimeter; this is usually the case with the more slender 
formations; the broader filaments may continue to elongate by 
terminal growth until they reach in many cases a length of several 
centimeters. At their earliest appearance the filaments strongly 
suggest organic growths like cilia, and what is still more remark- 
able is the fact that they often exhibit trembling or wavy or in 
some cases quite regularly rhythmical to-and-fro vibratory move- 
ments. This phenomenon is also observed with the similar 
filamentous growths of zinc and copper ferricyanide, especially 
the latter, and will be considered further below. Since in living 
cells cilia typically arise from locally modified regions of the 
surface protoplasm ("basal bodies") which serve as centers of 
rhythmical activity as well as of growth, this behavior of newly 
formed precipitation-filaments increases the impression that the 
conditions of formation of these artificial structures are of the 
same fundamental nature as those of actual cell-structures. 

Other metals which form insoluble ferricyanides may give rise 
in the above solution to filaments of a similar type, differing 
characteristically in their structure, appearance, and rate of 
formation from those of iron ferricyanide. Small pieces of zinc 
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form highly characteristic structures of this kind, especially if 
in contact with carbon or a nobler metal (Ag, Hg, Pt, Cu, Fe). 
Pieces of pure zinc, without other metal, form filaments in the 
above solution much more slowly than iron, presumably because 
of the more homogeneous structure of zinc and the relative 
absence of regions differing sufficiently in solution-tension (and 
hence in potential) to form efficient local couples; but when 
in contact with a noble metal the rate of formation is rapid. 
Copper in contact with platinum or carbon also forms filaments 
in ferricyanide solutions containing sodium chloride in sufficient 
quantity; for reasons that will appear below, the presence of 
this or a similar salt is necessary to the process. On the other 
hand, certain metals which readily form insoluble ferricyanides 
do not deposit the precipitate in filamentous form; this is true 
of aluminium, lead, tin, and (in part) manganese. Pieces of 
aluminium and lead in contact with copper or platinum wire 
form precipitates rapidly in the above solution ; but the deposit 
merely collects in the form of more or less coherent or vesicular 
masses at various regions of the surface without forming fila- 
ments. Apparently only those metals whose ferricyanides form 
semi-permeable precipitation-membranes can form filaments. 
Under the above conditions tin forms a slight and non-coherent 
precipitate; with manganese some formation of filaments is 
usually observed, but most of the precipitate is deposited in 
amorphous form. The following observations have been made 
chiefly with filaments of iron, zinc, and copper ferricyanide. The 
more minute structural details of these formations will not be 
described at length in the present paper, — both in order to save 
space and also because the experiments themselves are so simple 
and the materials so accessible that anyone can readily make 
these observations for himself. The following description will 
therefore be confined to the more general features of structure 
and the essential conditions of formation. 

Conditions of Formation of Filaments. — In pure solutions of 
K 3 FeCy 6 (2 to 4 per cent, in distilled water) the formation of 
precipitate is slight and gradual. Pieces of iron or zinc remain 
for hours in such a solution without perceptible change. The 
addition of a little soluble alkali salt, however, e. g., NaCl, at 
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once leads to a rapid formation of precipitate. The growth of 
filaments in gelatine or egg-white solutions containing KsFeCy6 
is in fact dependent upon the inorganic salts associated with the 
protein. Apparently salts must be present whose anions form 
soluble compounds with the filament-forming metal; the reason 
for this requirement will become clear when the process of fila- 
ment-formation is described in detail. The following experiment 
shows that the rate of filament-formation varies directly with 
the proportion of chloride (or similar salt) present in the solution 
of ferricyanide. A small iron nail (one centimeter long) was 
placed in each member of a series of solutions of 4 per cent. 
K3FeCy 6 containing progressively decreasing proportions of NaCl, 
viz., 4, 2, 1 per cent., etc., down to 1/128 per cent. An abundant 
precipitate of iron ferricyanide was formed within ten minutes 
or less in all solutions containing 1/16 per cent. NaCl or more, 
and the more rapidly the higher the proportion of NaCl. With 
1/128 per cent. NaCl the precipitate formed gradually; while in 
the entire absence of NaCl none was perceptible after several 
hours. Similar experiments with pieces of zinc in contact with 
copper wire gave the same result. 

The presence of egg-albumin or gelatine, i. e., an emulsoid 
colloid capable of having a "protective" action upon finely 
divided insoluble material, greatly favors the formation of co- 
herent filaments from iron and zinc; with copper this condition 
is less important. Thus in a solution of 1 per cent. K 3 FeCy 6 in 
distilled water containing a trace of HC1 («/2oo-ra/40o) an iron 
nail rapidly forms precipitate, but this is largely separated in 
the form of a loose non-coherent deposit and only partly as 
filaments. In a similar solution containing 2 per cent, egg- 
albumin relatively little amorphous precipitate is formed, and 
the filaments are more numerous, regular, and coherent. Similar 
conditions hold to an even greater degree for the formation of 
zinc filaments; in simple aqueous solution the zinc ferricyanide 
is deposited chiefly in amorphous form or in the form of coarse, 
brittle, and irregular tubular structures; while with protein 
present an abundance of slender hypha-like filaments results. 
This type of phenomenon is undoubtedly of much biological 
interest. In the absence of the protective colloid the crystals of 
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precipitate unite as they separate out to form coarser aggregates 
of relatively slight coherence ; while in its presence each particle 
of precipitate is apparently at once coated with an adsorbed 
film of modified protein which serves to bind the particles 
together and favors the formation of delicate and regular struc- 
tures. In organisms the deposition of inorganic precipitates like 
calcium carbonate or phosphate in the formation of skeletal 
structures (bone, shell, etc.) takes place under essentially similar 
conditions; the particles are thus deposited in finely divided 
form, and their arrangement to form definite and regular struc- 
tures is facilitated. This influence of albumin or gelatine upon 
the character of precipitation-membranes and similar structures 
has been investigated by Quincke ; x he also finds that the colloid 
modifies very essentially the character of the structures formed. 

A certain minimal concentration of K^FeCye is also necessary 
for the formation of coherent filaments. In lower concentra- 
tions the precipitate tends to separate out in non-coherent form, 
producing irregular or amorphous deposits. Thus in experi- 
ments with iron nails placed in a series of solutions containing 
2 per cent, egg-albumin and i per cent. NaCl, with varying 
concentrations of K3FeCy 6 , it was found that while from a 0.8 
per cent, solution of K^FeCye the precipitate separated chiefly 
in filamentous form, from a 0.4 per cent, solution it was deposited 
only in small part as filaments but chiefly as an amorphous 
mass; in 0.2 per cent, very few filaments were formed, and none 
in more dilute solutions. The same general result was found 
in a second similar series with a lower concentration of NaCl 
(1/8 per cent.). Similarly while zinc readily forms filaments in 
an albumin solution containing 0.25 per cent. KaFeCye, in a 
0.13 per cent, solution only a few filaments are formed. In 
order that coherent structures should be formed the concentra- 
tion of soluble membrane-forming salt must exceed a certain 
well-defined minimum. 

Structure and Manner of Formation of Filaments. — The precise 
structure of the filaments varies according to the nature of the 
metal, the presence or absence of protective colloids, and the 
concentration of the ferricyanide and other salts present. The 

1 Quincke: Annalen d. Physik, 1902, 4te F., Vol. 7, p. 646. 
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larger filaments are typically hollow or tubular; it is only the 
shorter and slenderer structures that appear to be solid, and even 
here the case is doubtful, since filaments that appear solid on 
ordinary examination often show a distinct double contour when 
examined more closely. The probability is that all filaments are 
hollow, at least when first formed, and that each consists essen- 
tially of a solution containing a salt of the metal and enclosed 
by a semi-permeable precipitation-membrane. The mode of 
formation about to be described indicates this clearly. The 
appearance of the mass of filaments covering a piece of metal 
that has lain for some time in the solution is strikingly vegetative 
or fungoid in character. The special character or "habit" of 
the growth varies with the different metals; in the case of iron 
and copper the filaments are usually more uniform in appearance 
and have a smoother contour and straighter course than in the 
case of zinc; with the latter metal the growths are more irregular 
and varied and have a characteristic granular appearance due 
to adhering coarser particles of precipitate. The appearance 
of such growths is often remarkably hypha-like in character; 
thus a thin strip of zinc about two centimeters long with a 
copper wire bound about one end, placed in a watch-glass con- 
taining a 2 per cent, solution of K 3 FeCy 6 in dilute egg-white, 
developed in the course of eighteen hours a most complicated 
feltwork of winding and interlacing hypha-like filaments, covering 
the whole strip from end to end. Numerous tubular filaments 
extended to the surface of the solution and along the surface, in 
some cases for three or four centimeters; many such surface- 
filaments had undergone curious modifications suggesting efflores- 
cences or spore-capsules, e. g., becoming enlarged at their termina- 
tions to form stalked vesicular or bladder-like formations with 
thin walls. Such a mass of modified filaments irresistibly sug- 
gests a vegetative growth. 

Study of the mode of formation of these tubular filaments 
under the microscope reveals a somewhat unexpected complexity 
of conditions. Elongation is not by basal growth, i. e., by 
deposition of precipitate at the surface of the metal where the 
metallic ions enter solution, but is always terminal, the tube 
advancing through the solution by the deposition of precipitate 
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at its extremity; this process is accompanied by a flow of solution 
outward through the tube. Filaments of iron ferricyanide show 
most clearly the nature of the whole process. In a 2 per cent, 
solution of K 3 FeCy 6 in dilute egg-white containing a little NaCl 
(0.25 per cent.) large hollow filaments grow out rapidly from 
the metal within a few seconds. Each such filament advances 
into the solution at an apparently rapid rate (of a millimeter or 
more per minute) by a uniform motion; its contour is smooth 
and regular and its shape cylindrical or slightly tapering; it 
usually follows a straight course, but is easily diverted by en- 
countering obstacles, such as solid particles or other filaments, 
or by shaking the watch-glass so as to make irregular the deposi- 
tion of precipitate at the extremity. In a growing filament 
this extremity is always open, and from the orifice a stream of 
liquid containing fine suspended particles flows continually out- 
wards for a short distance in advance, suggesting somewhat the 
smoke emerging from a chimney; this stream of finely divided 
material leaves behind and on either side a trail of particles 
through which the growing tubule advances; while at the edges 
of the open orifice a dense uniform layer of precipitate is con- 
tinually being deposited in continuation of that already laid down. 
Growth proceeds rapidly in this manner until some condition 
arrests the outflow of fluid; this may happen as a direct result 
of increasing length, the flow through the long capillary tube 
being slowed more and more by frictional resistance as the length 
increases, until finally the end is sealed by the precipitate. 
Evidently a wide tube will grow longer, under these conditions, 
than a narrow one, and in fact the great majority of filaments 
cease growth at a length of one or two millimeters or less; it is 
only the exceptional wider tubes that reach the length of a 
centimeter or more. 

From these facts it is clear that elongation is dependent upon 
the maintenance of a flow of solution from the metal along the 
tube. The precipitation at the open end shows that this solution 
contains a dissolved salt of the metal. Apparently the process 
takes place somewhat as follows. At the anodic portions of the 
metallic surface ferrous ions enter solution ; these form with the 
ferricyanide ions of the solution already present a precipitate of 
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ferrous ferricyanide which is deposited as an incomplete vesicle 
or ring of semipermeable membrane forming the beginning of the 
tube; ferrous ions continue to be given off from the iron surface, 
forming ferrous chloride with the chlorine ions present; the 
interior of the tube thus contains a solution of ferrous salt which 
is continually being propelled forward through the open ex- 
tremity, and there meeting ferricyanide from the external solu- 
tion forms the precipitate. 

The question of what maintains the flow is interesting. One 
possibility is that each ferrous ion is hydrated, i. e., carries 
water along with it as it enters solution ; water thus flows in the 
same direction as the ferrous ions, the energy of the flow being 
derived from the solution-pressure of the iron. Other factors, 
however, probably enter; it is especially to be noted that the 
point of origin of each tube represents an anodic area, from which 
the positive electrical stream enters the solution, reentering the 
metal at some cathodic region or regions outside of the tube. 
An electric current thus passes outward along the tube; and 
this must cause effects of the kind always found when such a 
current traverses a system of capillary tubes containing a solu- 
tion, e. g., a porous partition ; these effects are of the kind known 
as "electrical endosmose"; 1 when the substance of the capillary 
wall is negatively charged the adjacent solution is positive and 
travels with the positive stream. It is known that iron ferri- 
cyanide particles are charged negatively in contact with water; 2 
hence the layer of solution at the walls of a tube consisting of 
this material must be positively charged and undergo transport 
in the direction of the positive stream. The flow of solution 
through the tube is thus probably in large part due to electrical 
transport by the current of the local circuit. One necessary 
factor in the process of formation of the tube is the semi-permea- 
bility of its wall, which permits water but not salts to penetrate; 
the solution of ferrous salt thus transported along the tube can 

1 For a description of this phenomenon see the larger textbooks of physics; a 
good account of the essential conditions is given in Hober's " Physikalische Chemie 
der Zelle und der Gewebe," 1914, pp. 234 seq. 

2 The ferrocyanides and the ferricyanides of the heavy metals form negatively 
charged particles. The potential-difference of Prussian blue against water is 
.056 volt. (Cf. Burton, " The Physical Properties of Colloidal Solutions," London, 
1916, p. 135.) 



146 RALPH S. LILLIE. 

form precipitate only where it flows out at the open extremity 
and meets the ferricyanide outside; part of the precipitate is 
scattered outside the tube, as already described, or remains 
finely suspended within its interior; but part adheres at the 
outlet and contributes to the growth of the tube. 

According to this conception of the tube-forming process, the 
rate of flow of fluid along the tube must vary directly with the 
intensity of the electric current through the tube — i. e. (assuming 
constant E.M.F.), with the electrical conductivity of the solu- 
tion within the tube. This explains why the rate of growth of the 
filaments varies directly with the concentration of NaCl (or 
similar salt) in the ferricyanide solution. The only salt that 
can remain in solution inside the tube and contribute to the 
conductivity of its contents must obviously be one that is not 
precipitated by the ions of the tube-forming metal. 

Structure of Filaments. — The structure of a tubule is partly 
determined by the nature of the material composing it, partly 
by the conditions under which the material is laid down, such 
as the size of the anodic area, concentration of salts, presence of 
protective colloid, external mechanical influences, etc. In general 
the consistency of the precipitate is coarsest in the case of zinc, 
and finest in the case of copper; hence tubes of zinc ferricyanide 
have a coarsely granular aspect and are more irregular in form, 
while those of iron and copper have smoother contours and a 
more uniform appearance. There is always considerable varia- 
tion in the diameters of the tubes formed in any single experiment ; 
in general an increase in the concentration of NaCl in the solu- 
tion (i. e., more rapid rate of formation) favors the production 
of wider tubes. Apart from differences in caliber there is little 
variation in the structure of those tubes which lie entirely below 
the surface of the solution; typically these are cylindrical or 
slightly tapering in shape, and follow a more or less tortuous 
course, varying according to the number and nature of the 
mechanical obstacles encountered during their formation ; zinc fila- 
ments show more irregularities of this kind than iron or copper 
filaments. Those filaments which reach the surface of the solu- 
tion during their formation undergo various characteristic modifi- 
cations ; thus vesicular or bladder-like thin-walled structures may 
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be formed, especially in the case of zinc, as above described; 
several such structures derived from different filaments may 
fuse and form a compound vesicular or cellular mass. One of 
the most interesting modifications is of a kind often shown by 
surface-filaments of iron or copper ferricyanide, consisting in 
a series of transverse striations resembling those of a striated 
muscle fiber. A regular ladder-like structure of this kind may 
extend for a long distance; it is apparently due to the presence 
of alternately denser and thinner zones in the precipitation- 
membrane forming the wall of the tube. This structure is 
found only in the larger filaments running along the surface of 
the solution, and indicates that the deposition of precipitate 
takes place in an intermittent manner under these conditions; 
the regular rhythmical recurrence of a metastable condition of 
some kind, such as supersaturation — as in the phenomenon of 
the Liesegang rings 1 — may determine its production, but the 
precise conditions require further study. Occasionally the finely 
divided precipitate inside the tube may aggregate to form rounded 
masses repeated at regular intervals, in a manner suggestive of 
a row of spores. 2 Filaments of zinc ferricyanide may at times 
exhibit a regularly constricted or moniliform appearance, but 
they never form regular cross-striations like those shown by 
iron and copper filaments ; the coarser texture of the precipitate 
is probably responsible for this difference. 

Certain other types of precipitation-structure should also be 
mentioned briefly. 3 Masses of precipitate of a vesicular or 
chambered rather than filamentous structure are often laid down 
at the surface of the metal ; this is more frequently the case with 
zinc than with iron or copper. Apparently in such cases the 
walls of the first formed vesicles remain intact, and do not rupture 
to allow the solution of metallic salt to flow out in the continuous 

1 Cf. Liesegang, "Beitrage zu einer Kolloidchemie des Lebens," Dresden, 1909. 
For a more recent study of this phenomenon cf. Stansfield, American Journal of 
Science, 1917, Vol. 43, p. I. 

2 The structure of these tubules resembles closely that of the "osmotic stems" 
described and pictured by Leduc in his "Mechanism of Life," London, 1911, pp. 
141-2. 

3 In Lehmann's " Molekularphysik " various precipitation-formations are 
compared with different types of organic structure, and much interesting detail 
is given. 
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stream necessary for the formation of filaments. Once formed, 
these precipitation-vesicles may be displaced or detached by the 
pressure of others formed later, and large groups or heaps of 
such structures may thus collect. In the case of copper one 
highly characteristic type of formation, frequently found in 
solutions of KgFeCy6 containing considerable chloride {e. g., 4 per 
cent. NaCl plus 2 per cent. K3FeCy 6 ), is a group of slender 
tapering filaments grouped radially about a central vesicular 
mass of precipitate, the whole structure suggesting a miniature 
chestnut-burr. 

It should be noted that these various types of structure, together 
with many others, are produced — as is also the case with the 
majority of living structures — by combinations of microscopic 
hollow elements, vesicular or tubular in form, with walls con- 
sisting of semi-permeable membranes. The above resemblances 
to organic growths are undoubtedly dependent upon this funda- 
mental similarity of physico-chemical constitution. 

Influence of Contact of other Metals upon Filament-formation. — 
Before proceeding to describe observations showing the inhibiting 
and reinforcing influence which the contact of one metal may 
exert upon the formation of filaments from another, the general 
theory of this effect ought briefly to be considered. As already 
explained, the formation and growth of these structures depend 
upon a process of electrolytic local action or electrolysis; the 
region from which the filament grows out represents an anodic 
area, i. e., an area where ions of the membrane-forming metal 
enter solution; these ions then interact with the ferricyanide 
ions to form the precipitate ; to each such anodic area corresponds 
a cathodic area (or areas) at some other region of the metallic sur- 
face, where the positive stream reenters the metal to complete the 
circuit; at this area hydrogen ions are deionized and hydrogen 
gas is freed with the formation of alkali. In the case of iron 
these areas may readily be demonstrated by the addition of a 
little phenol phthalei'n to the ferricyanide solution (as in the 
ferroxyl reagent of Walker) ; x the cathodic regions, which typ- 
ically remain bright and free from filaments for some time, then 

1 Cf. Walker, Cederholm and Bent, Journ. Amer. Chem. Soc, 1907, Vol. 29, p. 
1251. 
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exhibit the characteristic red color of the indicator in alkaline 
solution. Each filament thus originates from an anodic area in 
a local electric circuit; the precise mechanism of the formative 
process has already been considered. 

Specimens of ordinary iron always exhibit a large number of 
local couples of this kind, because of the characteristic lack of 
electro-chemical homogeneity of this metal. As has frequently 
been pointed out, this condition explains the susceptibility of 
iron — especially impure iron — to rust; an iron surface is com- 
posed of numerous areas which differ in physical condition and 
hence in electrolytic solution-tension; areas of higher solution- 
tension form local anodes, and rusting is a consequence of elec- 
trolysis at these local circuits. Iron prepared in as high a state 
of purity as possible is surprisingly resistant to corrosion. 1 What 
is true of rusting is true also of the formation of precipitates 
with electrolytes like ferricyanide ; filaments form more slowly 
from chemically pure iron wire than from pieces of ordinary 
commercial metal (nails, etc.). Zinc and aluminium, although 
metals of higher solution-tension than iron, are more readily 
obtained in a relatively homogeneous condition; hence they 
resist corrosion better and form precipitate more slowly in 
ferricyanide solutions. 

Such considerations explain the accelerating influence which 
the contact of a nobler metal, like platinum or copper, has upon 
the formation of precipitation-filaments from zinc, iron, or copper. 
The nobler metal (that of lower solution-tension) has a higher 
potential in contact with the solution than the less noble; hence 
a circuit is formed in which the latter acts as anode, i. e., enters 
solution as cations which form precipitate with the ferricyanide. 
Conversely, a less noble metal, e. g., magnesium or manganese 
in relation to iron or zinc, inhibits the formation of filaments 
from the membrane-forming metal. Both the reinforcing and 
the inhibiting influences have very pronounced and evident 
effects, which are perceptible not only at the immediate region 
of contact of the two metals, but for a considerable distance, 
e. g., of several centimeters, beyond this region. The degree of 
this influence at any point on the surface of the filament-forming 

1 For references to the literature in this field see my paper above cited, Amer. 
Journ. Physiol., 1916, Vol. 41, p. 126. 
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metal depends in general upon three chief factors; these are, 
(i) the nature of the second metal, (2) its distance from the 
point under consideration, and (3) the electrical conductivity 
of the solution. The electromotive force of the local circuit 
depends primarily upon the difference between the specific solu- 
tion-tensions of the two metals; hence under otherwise equal 
conditions zinc is less effective than manganese, and manganese 
than magnesium, in inhibiting the formation of filaments from 
an iron surface. The other two factors, (2) the distance between 
the contact of the metals and the point in question, and (3) the 
electrical conductivity of the solution, determine the resistance 
of the portion of the local circuit which includes that point; 
this determines the intensity of the current and hence the rate 
of local electrolysis at the point. The effect is thus greatest 
near the region of contact and diminishes as the distance from 
this region increases. 1 

The actual phenomena may now be illustrated by the descrip- 
tion of typical experiments. In order to show the accelerating 
influence of a nobler metal, zinc is more satisfactory than iron, 
for the reason that it can more readily be obtained in com- 
paratively pure and homogeneous condition, in which state it 
forms precipitate in ferricyanide solutions very slowly unless in 
contact with the other metal. It is difficult to procure non- 
reactive specimens of iron; pure iron wire of the kind used in 
standardizing (e. g., Baker's labeled 99.7 per cent, pure) forms 
filaments rapidly in a 2 per cent, solution of K3FeCy 6 in dilute 
egg-white; the rate of formation is accelerated by encircling 
the iron with copper or platinum wire, but the degree of accelera- 
tion is comparatively slight, and the effect is much less striking 
than when zinc is used. 

Such experiments as the following are easy to perform and 
invariably give striking results. A small strip, e. g., 2 cm. long 
by 1 mm. wide, cut from a bar of pure zinc, is encircled at one 
end with a ring of fine copper wire, and placed in a 2 per cent, 
solution of KsFeCye in dilute egg-white. Within a minute or 
two the characteristic thin-walled transparent vesicles appear 

1 Cf. the second paper of my recent series on the physical chemistry of the con- 
duction-process, Amer. Journ. Physiol., 1915, Vol. 37, p. 348. 
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at the surface of the metal, and somewhat later slender filaments 
begin to grow out ; in a short time (half an hour or less) the metal 
is covered with filaments and vesicular formations from one end 
to the other. The first appearance of these structures is typically 
near the contact with the copper; a gradient in the rate of 
formation is thus apparent, with the most active region near the 
copper. This accelerating influence of the nobler metal is clearly 
perceptible at the extremity of the strip, i. e., for a distance of 
some centimeters from the contact. A similar "control" piece 
of zinc, without copper, shows only a few irregular and slightly 
developed filaments at a time when the copper-bound piece is 
completely covered with a luxuriant hypha-like growth. Plati- 
num and iron wires have the same general effect as copper, only 
with platinum the accelerating influence is distinctly greater, 
and with iron less, than with copper. Carbon may also form the 
substance of the cathodic area; a piece of zinc marked with 
lead-pencil shows a rapid development of filaments, beginning at 
the marked area and grading off from there. 

Striking experiments may also be performed with copper as 
the filament-forming metal. In this case a higher concentration 
of NaCl is required for the rapid formation of filaments; beautiful 
structures develop after some minutes in a solution containing 
4 per cent. K 3 FeCy a and 4 per cent. NaCl (with or without 
egg-white) . A piece of fine copper wire 3 or 4 cm. long, encircled 
at one end with a platinum wire, or wound around a piece of 
carbon, shows a highly characteristic development of filaments; 
some of these within a few hours may reach a length of several 
centimeters; such filaments, as already described, often exhibit 
a very perfect and regular cross-striation where they run along 
the surface of the solution. A similar piece of copper wire with- 
out contact of nobler metal or carbon remains unchanged. 

Many variants of this type of experiment will readily suggest 
themselves. Experiments with plated wires yield instructive 
results. Pieces of "galvanized" (zinc-plated) iron usually show 
the first development of filaments of zinc ferricyanide near the 
cut surface where the iron is exposed, and gradients in the rate 
of formation extending from this region along the wire are 
frequent. It should be added, however, that these gradients 
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are often obscured by irregularities in the rate of action, due 
presumably to lack of uniformity in the zinc layer (local interrup- 
tions, etc.)- Platinum wires coated with copper in an electro- 
lytic bath also make interesting demonstrations; such a wire 
shows no formation of filaments in a solution of K 3 FeCy a and 
NaCl if the coating of copper is continuous; but if it is scraped 
away at any region so as to expose the underlying platinum, the 
copper near this region soon puts out filaments, and the process 
extends for a distance of some centimeters from the area of 
exposure. Such experiments are instructive as exemplifying the 
nature of the effects that may follow local alteration in the electro- 
motor character of a surface ; and they may be used to illustrate 
by analogy such physiological phenomena as the initiation of 
growth -processes or regeneration in living organisms by incision, 
amputation, or similar treatment. 

The reverse type of experiment, in which the formation of 
filaments from one metal is inhibited or prevented by contact 
with another metal of higher solution-tension, is equally readily 
performed. Such an effect is illustrated in the just cited experi- 
ment with zinc-plated iron wire; the exposed iron surface de- 
velops no filaments; their formation is evidently prevented by 
the adjacent zinc, which forms with the iron a couple in which 
the zinc is anode; this, it may be added, is the reason why such 
wires do not rust. The inhibitory influence of zinc upon the 
formation of ferricyanide filaments from iron may be shown in a 
more striking manner as follows ; a straight piece of thin bright 
iron wire (e. g., Baker's C. P.) some centimeters long, one end 
of which is wound about a small strip of zinc, is placed in a 
2 per cent. KsFeCye solution in dilute egg-white. Filaments put 
forth rapidly from the zinc, especially near the iron, but the 
iron itself remains perfectly bright and bare, and may show no 
development of filaments for hours. If then the wire be cut in 
two by scissors, the part remaining in connection with the zinc 
remains unchanged, while the isolated part quickly develops the 
characteristic blue-green filamentous growth of ferrous ferri- 
cyanide. Evidently this development had previously been re- 
pressed by the influence of the zinc; when the connection is 
severed the iron reacts as usual. This experiment is even more 
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striking if a metal of higher solution-tension than zinc is used, 
such as aluminium, manganese, or magnesium. Magnesium is 
especially effective, since the ferricyanide of this metal is soluble 
and hence does not accumulate at the anodal regions and arrest 
the inhibitory action by polarization; such an iron wire remains 
bright until the magnesium is completely dissolved; then fila- 
ments grow out as usual. Apparently when zinc is used the 
accumulation of zinc ferricyanide may interrupt contact between 
the metals or render the resistance of the local circuit too high 
(i. e., have a polarizing effect), and by degrees filaments form 
from the iron. In addition to this effect, contact of the zinc ferri- 
cyanide precipitate with the iron appears to form local couples in 
which the iron acts as anode, so that iron in contact locally with 
this precipitate usually exhibits in course of time a development 
of blue filaments. This, however, is an incidental effect due to 
the formation of another type of circuit. Pieces of aluminium or 
manganese are almost as effective as magnesium in preventing 
the formation of iron filaments in the above solution. A large 
variety of experiments of this type may be performed with iron 
wire. In a similar manner zinc may be used as the filament- 
forming metal, and the process inhibited by magnesium, alumin- 
ium, or manganese. 

As already mentioned, this inhibitory influence may be effec- 
tive for a distance of several centimeters from the region of 
contact of the two metals, and a gradient in the intensity of the 
influence is apparent. After the current of the circuit has 
decreased, as the result of the accumulation of precipitate or 
other polarization, an iron wire with zinc connection often begins 
to send out filaments ; these tend to be first formed at the region 
farthest removed from the zinc. Irregularities, however, are 
frequently observed in such experiments, due no doubt to local 
irregularities in the composition and physical condition of the 
iron. The biological analogies to these effects will be considered 
later. 

An interesting type of effect is seen when an iron wire 3 or 4 cm. 
long is in contact at one end with a piece of zinc and at the other 
with copper or platinum. With this arrangement gradients in 
the formation of iron filaments are very distinct; at first these 
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filaments are formed only in the immediate neighborhood of the 
copper and are entirely absent near the zinc. Copper and zinc 
influence the reaction of the iron wire with the solution in oppo- 
site manners, the former promoting the formation of iron fila- 
ments, the latter inhibiting this process. The zinc and the 
copper, although separated by the length of iron wire, can be 
shown to modify each other's action; thus filaments grow out 
from the zinc under the influence of the iron, but more slowly 
than in the absence of the copper; similarly the growth of 
filaments from the iron near the copper is much slower than in 
the absence of the zinc. The effect is as if the formation of 
filaments from the zinc inhibits or holds in check the formation 
of filaments from the iron, and vice versa. This mutual inter- 
ference is obviously due to the intersection of the electrical 
currents from the two circuits, and resulting compensation- 
effects. Severing the iron wire between the copper and the zinc 
removes this influence, with the result that then filaments are 
put forth rapidly from both iron and zinc; i. e., the process at 
either filament-forming metal is released from a certain con- 
straint, due to the polarizing influence of the electrical current 
from the other circuit; it then proceeds more rapidly than 
before. Physiological analogies to this type of effect readily 
suggest themselves; the development of shoots in one region 
of a plant stem inhibits their development in adjoining regions; 
removal of a rapidly growing shoot may thus cause buds to 
develop from the axils and elsewhere, which otherwise would 
have remained dormant. 1 Similar phenomena are seen in hy- 
droids and other animals, and will be discussed more fully below. 
Physiological "dominance" of this type is often simulated in a 
suggestive manner by experiments of the above kind. For 
example, a thin strip of zinc 3 cm. long was in contact at one 
end with a piece of pure iron wire and at the other end with a 
piece of magnesium. A well-marked gradient was shown ; near 
the iron filaments were rapidly formed from the zinc, but near 
the magnesium slightly and slowly. It was noteworthy that 
the piece of iron wire gradually formed filaments in spite of the 
contact with the zinc; i. e., the presence of the magnesium 

'For numerous examples cf. McCallum, "Regeneration in Plants," Botanical 
Gazette, 1905, Vol. 40, pp. 97, 241. 
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inhibits the protective influence of the zinc upon the iron, — 
evidently because the zinc forms the cathode in the zinc-mag- 
nesium couple, the current from which opposes and partly com- 
pensates that from the zinc-iron couple. In another experiment 
a similar strip of zinc was in contact with platinum wire at one 
end and with magnesium at the other; in this case the zinc 
remained free from filaments for a long time; after 18 hours a 
dense growth of filaments had developed near the platinum; 
toward the magnesium the growth decreased, and near the con- 
tact with this metal the zinc was entirely free from filaments. 
In a similar manner the contact of iron or zinc with a platinum- 
bound copper wire inhibits the formation of filaments from the 
copper. A piece of copper wire 4 cm. long, encircled at one end 
with platinum wire, was placed in a solution containing 4 per 
cent. K 3 FeCy6 and 4 per cent. NaCl; filaments and bur-like 
tufts of copper ferricyanide appeared rapidly. But a similar 
piece of platinum-bound copper which was placed in contact at 
the other end with an iron wire showed only slight and gradual 
formation of precipitate; under these conditions filaments form 
rapidly from the iron, and their formation apparently has the 
effect of inhibiting their development from the copper. What 
really happens is that the current of the copper-iron circuit is 
opposed in direction to that of the copper-platinum circuit and 
compensates the latter. 

Attention should also be called to a type of experiment in 
which the two precipitate-forming metals are not in direct contact 
with each other but are connected by a conductor which itself 
undergoes no chemical change, like platinum, carbon, or copper. 
For example, a piece of iron and a piece of zinc connected by a 
stretch of copper wire 1 cm. long were placed in 2 per cent. 
K 3 FeCy6 in dilute egg-white; the zinc immediately formed fila- 
ments, but not the iron. Similar pieces of iron and zinc, each 
in contact with a separate piece of copper, both form filaments 
rapidly, as already described; but when the two are in contact 
with the same conductor the zinc prevents the formation of 
filaments from the iron in the same manner (though to a less 
degree) as when the metals are in direct contact. It is further 
to be noted that under these conditions the iron, though not 
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itself forming filaments, retards or partly inhibits their develop- 
ment from the zinc; i. e., zinc in contact with copper alone forms 
filaments more quickly than when in contact with a copper wire 
which is itself in contact with iron. This mutual influence is great- 
est when the two metals are close together ; when they are sepa- 
rated by a sufficient stretch of conducting wire the effect becomes 
inappreciable. Thus with a distance of 3 cm. between the zinc 
and the iron, the latter metal, as well as the zinc, formed fila- 
ments, but more slowly than in the absence of the zinc; the 
influence of the zinc was perceptible, but insufficient to suppress 
entirely the action at the iron. Increasing the distance of sepa- 
ration still further renders the influence inappreciable. This 
experiment recalls such physiological phenomena as the decrease 
of growth-inhibiting dominance with distance. 1 Experiments 
with platinum as the connecting metal give similar results; 
only here, because of the nobler character of the platinum, the 
distance between the zinc and the iron must be less than when 
copper wire is used, if the formation of filaments from the iron 
is to be entirely suppressed. In other words, both zinc and 
iron have a stronger tendency to form filaments when in contact 
with platinum than when in contact with copper; hence in order 
to counteract this tendency in the iron its distance from the zinc 
must be less. 

It will be evident that effects of the above kind have many 
close biological analogies. 2 Increased physiological or metabolic 
activity at one region of a living organism often results in the 
decrease or cessation of activity at another, usually adjoining, 
region. Perhaps the best known instances are seen in various 
phenomena of growth and regeneration to which attention al- 
ready has been called; the reciprocal inhibition of antagonistic 
neurones in the central nervous system is probably a phenomenon 
of the same essential type. There is also good reason for asso- 
ciating with this class of phenomena such regular and char- 
acteristic physiological processes as the automatic initiation and 
arrest of activity at any region of a conducting element (e. g., 

l Cf. Child, "Senescence and Rejuvenescence" (especially Chapter 9), and 
"Individuality in Organisms," for a full account of these phenomena (University 
of Chicago Press, 1915). 

! See Section III. below, page 171. 
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nerve fiber) as the advancing wave of excitation reaches and 
passes that point. 1 In the case of these various vital phenomena 
it seems highly probable, from the degee and nature of the 
resemblances which they bear to the simple physico-chemical 
phenomena described in this section, that the essential deter- 
mining factors are also electrical currents between adjoining cells 
or cell-regions. These, according to their direction, local den- 
sity, and intensity, may initiate, inhibit, or reinforce processes 
at various points along the path of the current. 

It may sometimes be desirable to demonstrate still further 
the electrical nature of these inhibitory and accelerating in- 
fluences. This may be done most readily by passing the current 
from a battery, connected with a rheocord, through the ferri- 
cyanide solution, using iron wire as electrodes. The formation 
of filaments at the anode is promoted and at the cathode is 
prevented, to a degree which varies with the potential between 
the electrodes; this potential may be changed at will by shifting 
the position of the slider. 

III. Biological Comparison. 
In comparing phenomena of the above described kind with 
physiological phenomena it is obvious that careful distinction 
must be made between resemblances that are superficial and 
resemblances that are based upon a fundamental identity in the 
nature of the determining conditions. It need scarcely be pointed 
out that in the specific character of the structure-forming chem- 
ical reactions there is no resemblance between the two processes 
under comparison. The complex and imperfectly understood 
metabolic transformations in living cells are of a kind entirely 
different from the simple cross-decompositions and precipita- 
tions of the above experiments. The resemblances relate to 
the conditions under which the chemical reactions take place, to 
the type of structure formed, and to the mode of transmission 
of chemical influence from one region to another region which is 
connected with the first only through the medium of an electric 
conductor. Chemical action at a distance is a phenomenon 
universally met with in organisms; and the attempts to explain 

1 Amer. Journ. Physiol., 1916, Vol. 41, see pp. 134-5. 
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this action on the basis of transport of actual materials — through 
the flow of sap, blood, or other circulating medium — are in many 
cases patently inadequate. Consider — to take an extreme in- 
stance — the transmission of chemical influence from the brain 
to a secreting gland-cell; here obviously the problem of the 
nature of physiological conduction enters; and it is more espe- 
cially this problem — the nature of transmission of physiological 
influence where no direct transmission of material is possible — 
upon which experiments of the above kind appear to throw light. 
The problem is plainly a most fundamental one, since physio- 
logical coordinations of the most varied nature depend upon the 
rapid conduction of chemical influence between different parts 
of the organism. The integration of the whole complex system 
of structures and chemical reactions into a unified and regularly 
acting living organism probably depends more essentially 
upon transmission of this type than upon any other single 
process. 

The transmission of formative influences, sometimes of a 
growth-inhibiting, sometimes of a growth-promoting kind, from 
one region of the organism to another is a well-known phe- 
nomenon in both animals and plants. Usually it has been 
explained either as due to the production and transport of 
special materials (organ-forming substances, hormones, etc.), 
or as due to changes in the distribution of materials already 
present (changes in the flow of water in plants, increased avail- 
ability of nutritive substances to one organ when another organ 
is removed, etc.). In animals a special r61e has at times been 
assigned to nervous influences; the nervous system 1 or sense- 
organs 2 have been shown in some cases to influence the rate of 
regeneration, i. e., a transmissive instead of a transportative 
means of control 3 has been recognized; but in plants explana- 
tions based upon the assumed existence of form-determining 

1 This influence is seen (e. g.) in Herbst's experiments in which the regeneration 
of the eye in Crustacea was found to depend on the presence of the optic ganglion ; 
also in planarians and other forms. 

2 The presence of the marginal sense organs in regenerating pieces of the medusa 
Cassiopea favors regeneration, according to the recent observations of Cary, 
Journ. Exper. Zool., 1916, Vol. 21, p. 1. 

3 For a discussion of the general nature of this influence see Child's " Individu- 
ality in Organisms," especially Chapter 6. 
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substances have been most generally employed (Sachs and 
others). 1 

Among the various phenomena of organic growth and develop- 
ment, regenerative processes seem most evidently open to inter- 
pretation in the light of the foregoing experiments. In the 
regenerating organism growth or development is initiated as a 
result of the removal of one of its parts, the usual result being 
the restoration of the missing part or its equivalent. In many 
cases the part removed is replaced by growth at the cut surface ; 
in other cases the remaining portion of the organism undergoes 
a more or less extensive reorganization, called by Morgan 
" morphallaxis " ; in still others, especially in plants, removal of 
an organ initiates the development of a similar organ from 
another locality, e. g., when the removal of the growing tip 
induces the development of lateral branches from axillae or other 
regions at a distance. 

The first class of cases, where growth at the cut surface restores 
the missing part, may be compared with the case of a membrane- 
forming metal in a ferricyanide solution, e. g., a piece of iron wire 
in which the filamentous or membranous growth has accumulated 
to a degree sufficient to insulate the metallic surface from the 
surrounding solution, i. e., to arrest the flow of current between 
anodic and cathodic regions by the interposition of the non- 
conducting coating of precipitate. If then a cut be made exposing 
a fresh surface of metal, the formation of precipitate is at once 
resumed and continues until a new state of equilibrium is estab- 
lished; the accumulation of electrolytically formed structure 
will then be approximately the same as before. The whole 
structural system, consisting of the metal with its outer coating 
of precipitate, will exhibit essentially the same constitution 
as before. Again in the case of a strip of zinc encircled by a 
copper wire, as in the experiments described above, the zinc 
forms the anode of the couple, and its surface is soon covered by 
precipitation-structures, whose accumulation progressively re- 
tards the flow of current and with it the structure-forming elec- 
trolysis. When the fresh surface of zinc is exposed, the formation 
of a new filamentous coating follows simply from the reestablish- 

1 For an experimental examination and critique of this type of hypothesis, 
cf. the paper of McCallum above cited. 
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ment of the electrical circuit. As the current flows, structural 
material is formed and deposited at the anode, until its accumula- 
tion increases the resistance of the circuit and checks the current 
and hence the electrolysis which produces the structure. Simi- 
larly in the case of a regeneration-process where proliferation 
starts at a cut surface at which previously quiescent cells have 
been exposed, it is possible that the condition of quiescence is 
due to insulation by the surrounding cells and other tissue- 
elements; if these are removed the flow of an electrical current 
and the formation of new structure are enabled to take place. 

The case of morphallaxis is more complex, and is difficult to 
simulate by a model of the above kind. In this case constructive 
processes at one area are accompanied by regressive processes 
at another area; i. e., growth at one region forms the condition 
of inhibition of growth or of positive regression at other regions; 
the whole mass of organized living material is thus worked over or 
reconstituted until a second equilibrium is reached; the char- 
acter and distribution of structural material is then similar to 
that existing before mutilation took place. The conditioning of 
inhibitory processes at one region by active processes at another, 
and vice versa, is a frequent phenomenon in organisms; and 
analogies are afforded by the experiments cited in the preceding 
section. In general, in any electrolytic couple the processes at 
the anode are of an oxidative, those at the cathode of a reducing 
nature ; and it is not difficult to understand how in a living organ- 
ism increased chemical activity of a certain kind at one region 
(e. g., oxidation) should result in decreased activity (or activity 
of the reverse type) at another region related to the first in the 
manner in which the electrodes of a circuit are related to each 
other. The inhibition of filament-formation at iron surfaces 
by the contact of a baser metal illustrates an essentially similar 
condition. The constant form-relations of an organism or of its 
parts may thus represent a condition where a complex system 
or combination of electrolytic processes, interrelated as above, 
mutually equilibrate one another, such equilibration involving 
a certain constancy in the relative positions, dimensions, and 
form-characters of the chief structural elements. This condition 
would imply a constancy in both the morphological and the 
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physiological constitution of the system, which would be regained 
after disturbance. I introduce this abstract conception of the 
organic equilibrium in order to suggest a general point of view 
from which the actual phenomena of form-regulation may per- 
haps be considered to advantage. There is much evidence 
indicating that many structural correlations are controlled by 
electrolytic processes of the above kind. 

Morphallaxis is essentially a phenomenon of form-correlation, 
which is exemplified by the third type of process mentioned 
above, in which the growth of one part may be promoted or 
inhibited by growth in another part more or less distant from the 
first. For example, in plants the development of new buds or 
roots is prevented so long as the main growing tip or root-system 
is intact; formative inhibitions of this type are extremely fre- 
quent ; hence the isolation of an organ, by removing the inhibiting 
influence of other parts, may cause the development of roots, 
shoots, or other organs of a kind entirely different from itself, 
The whole organism may thus be reproduced in certain cases; 
the leaves of Begonia and Bryophyttum furnish the most striking 
instances of this phenomenon. In plants the normal correlation 
between the growth of different organs appears to depend 
largely on this influence. In the lower animals various regions 
or parts of the organism are also capable of reconstituting the 
whole when removed from the influence of other regions. In 
many axiate animals the more anterior regions thus "dominate" 
the more posterior regions, and a gradient of influence exists, 
as shown in detail by Child in his recent remarkable book. 1 
The controlling influence is greatest near the dominant region 
and decreases with increasing distance, so that a sufficient degree 
of isolation for independent development may often result from 
simple increase in length; e. g., in a planarian or a hydroid stem 
the portion of the animal most distant from the head end or the 
hydranth may form a new individual while still connected with 
the parent. According to Child, individuation in either asexual 
or sexual reproduction consists essentially in the removal of one 
region of the organism from the growth-inhibiting influence of 
other regions; the region thus physiologically isolated then 

1 "Senescence and Rejuvenescence," especially Chapter 9. See also the same 
author's "Individuality in Organisms." 
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develops on its own account. Cases of compensatory regulation, 1 
i. e., where the rate of regeneration is greater the greater the 
number of the missing parts, may be understood as due to the 
more complete removal of the inhibiting influence exerted 
normally by those parts. In other cases one region may promote 
or reinforce the growth or development of another region; the 
nervous system appears to have this relation to regeneration in a 
number of cases; the presence of sense-organs promotes re- 
generation in Cassiopaea; the intestinal tract has a similar 
influence in planarians. 2 

Some of the more suggestive parallels between regenerative or 
growth processes and the behavior of combinations of filament- 
forming metals have already been pointed out. The formation 
of precipitation-filaments from one metal is inhibited by the 
contact of another metal of higher solution-tension. Hence an 
iron wire connected with a piece of manganese, aluminium, zinc, 
or magnesium remains free from filaments for a considerable 
distance from the region of contact. If a piece of such wire be 
isolated by cutting, it immediately develops filaments. Simi- 
larly iron wire connected with one of these metals through a 
short copper wire develops no filaments ; cutting the connecting 
wire immediately initiates their formation. These instances are 
sufficient for illustration of this kind of effect. The precise 
results obtained vary with the special nature of the conditions, 
and may be controlled at will by the experimenter. 

The reverse class of cases where the formation of filaments is 
promoted, instead of inhibited, may be illustrated by a strip of 
zinc in contact at one end with a piece of carbon, platinum, 
copper or iron. Filaments are formed from all parts of the zinc 
surface, most rapidly near the region of contact. If then part 
of the zinc is severed from its connection with the other metal 
the development of filaments from the isolated part is at once 
checked ; similarly with the whole strip if the platinum or copper 
is removed. One might compare the influence of the latter 

1 Cf., e. g., Zeleny's work on brittle stars and other forms, Jour. Exper. Zool., 
1904, Vol. 2, p. 1. 

2 Instances of the influence of the nervous system and sense-organs have been 
already cited; for the case of the intestinal tract, cf. Bardeen, Amer. Journ. Physiol., 
1901, Vol. 5, P- i. 
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metal with that of the sense-organs in a regenerating portion of 
a medusa. The influence of the nucleus in cell-regeneration 
and cell-growth is another possible parallel of a more general kind, 
Cases of reciprocal influence, where two or more different 
organs exercise mutual control upon one another's growth or 
development are also frequent in organisms. The development 
of roots and shoots from the leaves and stem of Bryophyllum, as 
recently described by Loeb, 1 furnishes very clear illustrations of 
this phenomenon ; the growth of a bud on a piece of stem inhibits 
the growth of roots on an attached leaf; if the bud is removed, 
roots grow out; similarly roots growing from the stem inhibit 
the formation of shoots from a leaf. Such cases resemble the 
above combination where zinc in contact with a copper wire 
inhibits the development of filaments from iron also in contact 
with the wire; this influence is also reciprocal, although zinc, 
because of its greater solution-tension, has the predominant 
effect. 2 In the inorganic model the direction and intensity of 
the electrical current flowing between the precipitate-forming 
metal and the solution, and hence the rate and the character 
of the structural development, depend upon the special char- 
acteristics of the two intersecting circuits. The conditions in 
the living organism are probably similar in a general sense; 
and compensations and reinforcements occur, varying according 
to the character of the connections, the distances and other 
space-relations, the electrical resistances, etc. Other factors, 
however, including probably the flow of dissolved materials, 
almost certainly enter in actual cases of growth and regeneration 
in organisms. Nevertheless it appears probable that the most 

•J. Loeb, Botanical Gazette, 1915. Vol. 60, p. 249; 1916, Vol. 62, p. 293; 1917, 
Vol. 63, p. 25. 

2 Loeb enunciates the rule: "If an organ o inhibits the regeneration or growth in 
an organ b, the organ b often accelerates and favors the regeneration in a." (loc. 
cit., 1915, p. 276). This kind of relationship is also exemplified by the mutual 
influence of zinc ( = o) and iron ( = b) in direct contact with each other. Other 
well-known general facts of regeneration may be simulated by arrangements of 
the above kind. Thus the development of a polyp on a tubularian stem inhibits 
the development of polyps at other regions of the same stem, just as the outgrowth 
of a shoot on a plant stem inhibits growths from neighboring axils, etc. Similarly 
the formation of precipitation-filaments from a piece of zinc in contact with a 
copper wire is checked by the contact of another piece of zinc (or iron, etc.) with 
the same wire at not too great a distance. 



I64 RALPH S. LILLIE. 

general and fundamental basis of a reciprocality of this kind is 
electrical; morphological polarity, a closely related phenomenon, 
would then have a similar basis, 1 and probably also other cases of 
reciprocality, like reciprocal inhibition in the nervous system. 
It is well to recognize, however, that together with this factor 
others often undoubtedly enter, partly independent, partly 
dependent upon the electrical factor. 2 

The distances through which these inhibitory and accelerating 
influences are perceptible in metals vary with the conditions, the 
chief factors being the nature of the metals in contact and the 
electrical conductivity of the solution. An iron wire in contact 
with a metal of higher solution-tension (Al, Mg, Mn, Zn), and 
immersed in a 2 per cent, albumin-containing solution of K 3 FeCye, 
remains free from filaments for a distance of several centimeters 
from the region of contact. Conversely, a strip of zinc in contact 
with a nobler metal (Pt, Cu, Fe) or carbon shows an accelerated 
formation of filaments for a similar distance. Theoretically, the 
current of the circuit extends through the whole of the metal 
and the adjoining solution; the intensity of the current between 
metal and solution at any point is a measure of the rate of 
electrolysis at that point (Faraday's law) ; this intensity is deter- 
mined by the E.M.F. of the circuit and by the resistance of the 
intervening stretch of solution (that of the metal being negligible 
in comparison). The rate of action is thus greatest near the 
metallic junction, and grades off from there. A similar rule will 
hold for the formative or other influence of a circuit arising through 
local alteration in a living cell, tissue, or organism. Any local 
alteration of potential, due to injury, increased metabolic activity, 
or other condition, may thus exert an electrical influence at a 
distance from the site of alteration. In the case of a single cell, 
or other continuous element like a nerve, a current typically 
flows through the extracellular part of the circuit toward the 
region of alteration or physiological activity; presumably such 
a current produces at different points along its course the usual 
physiological effects of electrical currents, varying according to 
its intensity, local density, time-relations, etc. It is to be pre- 

1 Cf. Mathews, Amer. Journ. Physiol., 1903, Vol. 8, p. 294. 

2 E. g., the flow of a hormone-containing solution may depend on an electrical 
endosmose effect, etc. 
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sumed that in a similar manner an actively growing region has a 
different potential from a quiescent region, and that the circuit 
which includes this active region influences processes in the 
tissue at a distance. Mathews found the regenerating end of a 
Tubularia stem negative relatively to other regions (in the same 
sense in which an active or injured region of, e. g., a nerve fiber 
is negative; i. e., within the living element the positive stream 
flows away from the active region); and he points out the 
possibility that the current thus traversing the tissue may in- 
fluence metabolic and other physiological processes at different 
regions along its course, and thus may be an important factor in 
the initiation and coordination of the formative or other activities 
concerned in regeneration. 1 With this general conception I am 
in full agreement. The experiments described above show in 
how sensitive a manner the rate of formation of precipitation 
structures responds to variations in the intensity and direction 
of the local electrical currents traversing the system; and the 
structural and other conditions in living systems are sufficiently 
like those in the artificial models to warrant the belief that 
electrical currents must influence in a similar manner the physio- 
logical formative processes. The closeness of many of the above 
parallels between the behavior of the two classes of systems 
confirms this belief. 

It should be emphasized that the mode of transmission which 
prevails in processes of growth and development appears to be 
fundamentally of the same nature as the mode of transmission 
of the excitation-state in irritable and conducting tissues like 
muscle and nerve. I have dealt with the special features of this 
latter mode of transmission in a recent series of papers in the 
American Journal of Physiology. 2 In this case the bioelectric 
circuit between the active and the inactive regions of the irritable 
element appears to be responsible for the transmission of the 
physiological effect; the current traversing the adjoining resting 

1 Cf. Mathews, loc. cit., p. 299. The following quotation from Pfeffer's " Physiol- 
ogy of Plants" is also apposite here: "Weak electric currents continually circulate 
in plants"; these are "partly maintained by chemical and physical agencies at 
work in the plant itself. It is possible that these currents may influence meta- 
bolism," etc. (English translation, Vol. 2, p. 106.) 

2 Amer. Journ. Physiol., 1914, Vol. 34, p. 414; 1915, Vol. 37, p. 348; 1916, Vol. 
41, p. 126. 
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region initiates there the same state of activity as that originally 
excited at the region of stimulation; the region which thus 
secondarily becomes active repeats the effect at regions beyond, 
and so the impulse spreads. There need be no decrement in 
this type of transmission, since an effect of the same kind and 
degree is automatically reduplicated at each point reached by 
the excitation-wave as it passes along the tissue. 1 In the trans- 
mission of the influence of a growing or regenerating or otherwise 
physiologically dominant region this reduplication is apparently 
not present, and hence a gradient of influence or "decrement" 
is shown. Otherwise the conditions are to be regarded as essen- 
tially the same in both types of transmission. It is possible, 
however, that combinations of the two may occur, giving rise 
to intermediate conditions. 

Transmission of formative influence in development or growth, 
and transmission of the nervous type, are thus seen, according 
to the present theory, to be simply different manifestations of 
the same fundamental type of phenomenon, namely the trans- 
mission of an electrical influence associated with a flow of current 
around the bioelectric circuit. The physiological effects depend 
upon this current. Such a theory unifies a large number of 
apparently diverse phenomena. Thus the connection between 
growth processes and the assumed flow of current becomes 
intelligible if processes of electrolysis are in fact concerned in 
organic growth, as well as in the growth of the artificial formations 
described above. It also accounts for the rapidity of the nervous 
type of transmission in its most highly developed form, as pointed 
out in my earlier papers just cited. The transmission of the 
electrical influence through a circuit is instantaneous, whether 

1 Child assumes the existence of a decrement in the nervous type of transmission, 
similar to that observed in the transmission of formative influence; but this assump- 
tion seems to be unnecessary. The existence of trapped excitation-waves in rings 
of tissue, lasting in some cases for days — e. g., in the medusa Cassiopea according 
to Mayer (cf. Amer. Journ. Physiol., 1916, Vol. 39, p. 378) — proves that the impulse 
is renewed or recreated with undiminished intensity at each region reached by it in 
its course. In such a case there is obviously no decrement. It is now well estab- 
lished that the " all-or-none " law holds for nerve; this fact in itself would be in- 
compatible with the existence of a decrement, since it implies that each region 
responds with the same degree of intensity, irrespective of the strength of the 
stimulus. The existence of a decrement in nerve during fatigue, anaesthesia, or 
asphyxia does not prove its existence under normal conditions. 
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the conductor be electrolytic or metallic. 1 A local change of 
potential in a stretch of nerve thus produces instantly an electrical 
change at all points of the circuit constituted by the nerve and 
its medium, including therefore inactive regions of the tissue at 
a distance from the immediate site of alteration ; and if the effect 
at any such region be sufficiently intense, a second state of excita- 
tion is there aroused, and a similar effect is transmitted from this 
second region to other resting regions beyond. As a striking 
concrete illustration of the instantaneous transmission of electro- 
lytic effects along a conductor to a distance from the region 
immediately affected, I recommend the following simple experi- 
ment. A straight piece of copper or platinum wire, e. g., 20 cm. 
long, is immersed in a vessel containing dilute HfS0 4 ; the wire 
remains unaltered. If then one end is touched with a piece of 
zinc, instantly bubbles of hydrogen start out from the surface 
of the wire along its entire length. The transmission of the 
effects of a local stimulus in such a tissue as nerve is conditioned 
by a process of the same type, according to the present theory; 
hence it is independent of the transfer of material; and the 
velocity with which the impulse is propagated is limited only by 
the degree of sensitivity of the tissue to slight electrical disturb- 
ance and by the rapidity with which the local response takes 
place. 2 

1 1, e., the speed is that of transmission through the ether — equal to the velocity 
of light, or of electricity through a metallic conductor (apart from retardation 
due to electrostatic influences or self-induction). An experimental investigation 
of the velocity of the electric current through solutions is described in the book by 
Monroe Hopkins, "Experimental Electrochemistry" (London, 1905). The 
author reaches the conclusion: "An electrolyte solution conducts the electric current 
as rapidly as a conductor of the first class, regardless of its composition, provided 
we have an equal ohmic resistance of a non-inductive type" (p. 76). 

2 In a recent article (Amer. Journ. Physiol., 1917, Vol. 42, p. 469) Mayer has ob- 
jected to this theory of transmission (which I have called the "local action theory") 
on the ground that it is "too simple." Nothing, however, but the speed of trans- 
mission of the excitation-wave, and the identity of its effects with electrical effects 
(stimulation, inhibition, etc.), is directly explained by the theory in question. The 
entire phenomenon of nerve conduction is indeed exceedingly complex, including 
metabolic and other factors of a nature as yet imperfectly known; but the detailed 
nature of these factors need not be regarded by this general theory, which aims 
merely at accounting for the possibility and rate of nervous and other forms of 
physiological transmission where direct transfer of material does not enter. This 
it does by referring the phenomenon to a more general class, regarding which our 
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Further light appears to be thrown upon the connection 
between bioelectric currents and formative processes by the 
above described phenomenon of rhythmical cilia-like vibratory 
movements of precipitation filaments. This phenomenon is fre- 
quent in newly formed filaments from iron and copper. The 
rhythm is typically slow, varying from one to five per second, 
and the movements are found only in the smaller filaments 
during the earliest stages of their formation, usually ceasing 
within a minute or two after their first appearance; at times, 
however, they may last for five minutes or more, especially with 
copper filaments. It appears probable that the phenomenon 
depends upon a rhythmical intermittency in the outflow of the 
solution contained within the tubular filament. As shown above, 
the metallic area at the base of the filament is an anode, the 
corresponding cathode being situated outside. The flow of 
solution through the tube is continuous so long as the extremity 
remains open, and is accompanied by an electric current. If, 
however, the opening be temporarily sealed by the deposition of 
precipitate, both the liquid flow and the electric current must 
at once cease ; such a cessation of the liquid flow probably has a 
certain mechanical effect upon the position of the filament, while 
the electrical variation causes a change of surface-tension; and 
it seems likely that both effects combine to cause a movement, 
which has the effect of reopening the extremity of the filament and 
renewing the former condition. A rhythm is thus started which 
may continue for some time with often remarkable regularity. 
The determining condition of the phenomenon would then be 
the alternate disruption and reformation of a part of the tubular 
membrane, with corresponding opening and closing of the elec- 
trical circuit through the tube; the mechanical effects would 
result partly from the interruption of the liquid flow, but prob- 
ably chiefly from the electrocapillary variation. Both the energy 
and the material for the process are furnished by the electric 
current through the tube. 

knowledge is in many respects exact. If the transmission of the local excitation- 
state is due to the formation of local electrical circuits having the properties of 
electrical circuits in general, the difficulty of accounting for the rapid propagation 
of the excitation-wave along a highly irritable and rapidly responding element 
like a nerve-fibre at once disappears. 
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The comparison with ciliary movement may with advantage 
be pursued somewhat further. In the living structure the con- 
tinuance of the vibratory movement has been shown in many 
instances to be dependent upon the presence of the so-called 
basal particle (or " blepharoplast ") , which is also the center 
out of which the structure grows in its development; severance 
of the ciliary filament from its base instantly arrests the move- 
ment. 1 A connection between the conditions of contractile 
activity and those of growth is thus shown; both processes 
depend upon changes taking place in the basal granule, which 
represents a specially modified portion of the protoplasmic surface 
layer, differing in chemical composition from other regions of 
the cell-surface (as shown by its staining reactions), and pre- 
sumably also in electrical potential. This connection becomes 
intelligible if we assume that (just as in the above inorganic 
model) the basal particle represents an area from which a 
supply of formative and energy-yielding material flows out along 
the filament to replace the material which is altered or consumed 
at each ciliary stroke. This flow of material is to be regarded 
as associated with an electrical current, which being interrupted 
intermittently causes intermittent polarization-effects, with re- 
sultant variations of surface-tension producing the contractions. 
It is clear that a constant renewal of substance is necessary to 
maintain the integrity of the cilium and to furnish the energy of 
its contractions; and the resemblance between these structures 
and the artificial filaments described above appears to be too 
close not to be based upon some fundamental identity in the 
conditions of both their origin and their activity. The wide 
distribution of these vibratile cellular outgrowths, ranging from 
the lowest unicellular organisms to the highest animals, as well 
as the readiness with which they are formed at the free surfaces 
of cells, indicates that some general and simple condition deter- 
mines their formation, and also that the conditions of their 
formation and of their contractile activity are closely connected. 2 

1 Cf. Peter, Analomiscker Anzeiger, 1899, Vol. 15, p. 271; Verworn, Pfliiger's 
Archiv, 1890, Vol. 48, p. 149. 

2 The fact that bioelectric variations in other active tissues (nerve, muscle) are 
so frequently lhythmical in character is significant in relation to the problem of 
the conditions of ciliary movement. It is possible that a rhythm or intermittency 
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Another remarkable feature of these precipitation-tubules, al- 
ready described, is that their formation is associated with a 
centrifugal flow of fluid along the tubule. This is not surprising 
when it is considered that they originate by a process of elec- 
trolysis at local electrical circuits. The passage of an electrical 
current through a porous diaphragm or other system of capillary 
tubes has long been known to involve a flow of the solution 
through the tubes; this is the phenomenon of fluid-transport 
by the current known as electrical endosmose. The possibility 
that this process plays a part in the transport of fluid through 
cells, e. g., in secretion, has at times been touched upon by 
physiologists; 1 but in the absence of positive evidence it has 
been for the most part disregarded. Nevertheless it seems 
certain that currents of fluid must accompany the passage of 
electrical currents through or between cells, and also that the 
flow must be in general in the direction of the positive stream. 
Living protoplasm is a polyphasic system, largely fluid in its 
consistency, and pervaded by solid structural elements (mem- 
branes, fibrils, etc.) composed of colloidal material (protein, 
lipoid) which is charged negatively in contact with neutral or 
slightly alkaline media, such as those forming the tissue-fluids 
and the fluid part of protoplasm. The fluid layers in contact 
with such structures will accordingly be positively charged; and 
displacement of this fluid in the direction of the positive stream 
is inevitable if the protoplasm forms part of an electrical circuit. 
Protoplasm always contains salts and is a good conductor of 
electricity, and its enclosing membranes are readily permeable 
to water; hence the conditions for such a flow are present. 
Accordingly we should expect the passage of currents, bioelectric 
and other, through cells to be associated with a flow of fluid. 
Apart from such a priori considerations, there is ample evidence 

in the state of electrical surface-polarization is general in living cells, and that 
the activity of cilia — contractile prolongations of the cell-surface — is one index of 
this condition. Any free cell-surface having intermittent polarization might 
thus give rise to cilia. 

l Cf. Engelmann, Pfliiger's Archiv, 1872, Vol. 6, p. 97; Waymouth Reid, Phil- 
osophical Transactions, 1900, Ser. B, Vol. 192, p. 239; Hober, Pfliiger's Archiv, 
1904, Vol. lot, p. 607. Experiments showing transport of water through tissues 
(muscle and nerve) by the constant current in the direction of the positive stream are 
described by Hermann, Pfliiger's Archiv, 1897, Vol. 67, p. 240. 
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in many physiological processes of a movement of fluid through 
cells, or from one region to another within cells, e. g., the activities 
of gland-cells — which are normally associated with bioelectric 
currents flowing in the cells toward the secreting surface 1 — and 
the protoplasmic flowing movements in plant-cells. Certain 
recent observations of Chambers 2 on the micro-dissection of sea- 
urchin eggs illustrate the readiness with which flowing move- 
ments may be set up in protoplasm by local injury of the cell- 
surface, i. e., by conditions which are known in general to render 
the cell-surface locally negative. The application of a needle 
to a sea-urchin egg in a hanging drop "produces peculiar currents 
in the egg-substance. The currents pass directly from the 
pushing object in a straight line through the egg to the anterior 
end where they curve outward and flow back along the surface 
to be caught again in the flow from the pushing object." The 
region of contact is presumably negative relatively to other 
regions of the cell-surface, i. e., the positive stream flows outside 
the cell from the unaltered to the altered part of the surface 
and thence through the cell; the observed flow of fluid is thus 
in the direction of the positive stream. The possibility that dis- 
solved materials may be thus transported from one region of 
the cell to another ought especially to be noted. If such a 
condition is general, a flow of fluid in reference to any temporarily 
altered region of the cell-surface will take place as a result of 
electrical transport; and this flow may largely determine the 
supply of material for the repair or reconstitution of the altered 
area. The fact that in the microscopic precipitation-tubules 
described in this paper a flow of fluid, due apparently to electrical 
transport, actually plays an essential part in the structure- 
forming process, is highly suggestive in relation to the problem 
of the conditions of structure-formation in cells. There is also 
evidence that a centripetal flow of fluid from the polar and 
extra-equatorial regions of the cell-surface takes place in eggs 

1 Cf. Langley, Schafer's "Textbook of Physiology," Vol. 1, p. 517. Unfortu- 
nately this observation does not in itself indicate whether the electric current is the 
cause or result of the movement of fluid through the gland. A flow of solution 
through a porous partition, however caused, gives rise to an electric current. 

2 Chambers, "Microdissection Studies," Amer. Journ. Physiol., 1917, Vol. 43, 
p. 1; cf. p. 7; also Journal of Exper. Zool., 1917. 
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and other cells during mitotic division, and that the astral 
rays are in part an expression of this flow, the central "sphere" 
representing an accumulation of the more fluid part of the 
protoplasm. Chambers brings evidence from micro-dissection 
favoring the view that the sphere is formed by the confluence 
of a system of radiating channels containing a more fluid "hyalo- 
plasm" separated by radiating protoplasmic tracts of a solid or 
gel-like consistency. If the general surface of the dividing cell 
outside the equatorial area is electrically negative (in the usual 
physiological sense) relatively to this latter area, as the character 
of the form-change and certain other facts indicate, 1 then the 
positive stream in the cell-circuit must enter the surface at the 
polar and circumpolar areas and leave at the equatorial area. 
The conditions for a centripetal flow of fluid from the polar areas, 
due to electrical endosmose, would thus be furnished. The 
relation of such a flow to the general form-characters of the 
mitotic figure should be reconsidered in the light of these possi- 
bilities. 

IV. The Possibility of Electrolysis at the Semipermeable 
Cell-boundaries . 
Throughout the foregoing comparison between electrolytic 
precipitation-growths and organic growths it has been assumed 
that the formation of electrical circuits between different regions 
of the cell-surface, and associated with processes of the nature of 
electrolysis, is possible; and that the conditions under which 
such circuits arise are of the same essential nature as those deter- 
mining the formation of local circuits between different parts of 
a metallic surface. This assumption may not appear at first 
sight to be consistent with our knowledge of the general conditions 
under which circuits are formed by chemical action, and elec- 
trolysis takes place. In the kind of process considered as typical 
by electrochemists, a part of the circuit always consists of a 
metallic conductor; this connects the two ion-forming or ion- 
combining surfaces (electrodes) which are in contact with the 
electrolyte-solution. In the living cell it is obvious that no 
conductor of the first class is present. In other respects, how- 

1 Cf. R. S. Lillie, Journ. Exper. Zool., 1916, Vol. 21, p. 369. 
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ever, the cell-surface resembles the surface of a metallic electrode ; 
local alteration — injury, stimulation, chemical change- — sets up 
local differences of potential, and currents flow between altered 
and unaltered regions. The potentials thus arising may be 
summed, polarizability is marked, and the cell-surface is water- 
insoluble — i. e., there is a sharply defined boundary between 
protoplasm and surrounding medium. The chief difference in 
the conditions is that the conduction of electricity both inside 
and outside of the cell in a bioelectric circuit takes place entirely 
by means of conductors of the second class, i. e., by ionic move- 
ment. Both protoplasm and medium are as a rule good electro- 
lytic conductors; and the surface of separation consists of a 
thin semi-permeable partition composed of chemically alterable 
material which is of course non-metallic in character. Can true 
electrical circuits, in which chemical decompositions of the nature 
of electrolysis take place at the interfaces, originate under condi- 
tions of his kind? This question must be considered before 
the above comparison can be regarded as a valid one and accept- 
able conclusions be based upon it. 

First of all it is necessary to guard against arbitrary precon- 
ceptions of the necessary character and arrangement of the 
different components present in an electrical circuit depending 
on chemical action, such as we are familiar with in the different 
types of battery. In all batteries there are at least two contigu- 
ous conducting media, the one metallic, the other consisting of 
an electrolyte-solution ; at the boundary-surface between metal 
and electrolyte chemical changes takes place which furnish the 
current; the energy of the latter is thus transformed chemical 
energy. In the usual diagrammatic representation of these con- 
ditions, the terminals of the one conducting medium, the metal, 
are regarded as immersed in the other, i. e., the electrolyte; these 
terminals, where electricity passes between metal and solution, 
are the electrodes, while the intervening stretch of metal is usually 
conceived as a wire passing through the air. This last, however, 
is obviously an arbitrary laboratory arrangement; it facilitates 
consideration of the processes at either electrode to have each 
isolated from the other, and the connecting wire removed from 
the possibility of chemical change; the regions where the essen- 
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tial reactions occur are thus spatially distinct and the processes 
can be investigated separately. But evidently immersion of the 
conducting wire in the solution does not alter the conditions in 
any essential way. A piece of metal completely immersed in an 
electrolyte-solution, and of different composition or solution- 
tension at any two regions, or in contact at two areas with dif- 
ferent solutions, is equally the seat of chemical change which is 
associated with the passage of an electric current between the 
two regions. This is the arrangement which corresponds more 
obviously to the conditions usually met with in nature. The 
case of local rusting in iron*, or of the transmission of chemical 
influence (e. g., excitation) from one region of a cell to another, 
exemplifies such an arrangement. It is important not to allow 
our conceptions of natural processes to be limited by the pecu- 
liarities of laboratory devices; these are always more or less 
arbitrary, and designed not only for convenience and reduplica- 
tion at will, but with the special purpose of isolating the phe- 
nomena and making them as sharply defined as possible. In 
unmodified nature such conditions are rarely found; hence such 
resemblances as that between local chemical action in metals 
and the physiological effects following local alteration in living 
cells are not easily recognized. 
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Fig. i. In this diagram medium M represents the metallic part of the circuit, 
e. g., a platinum wire, medium E the adjoining electrolyte solution, e. g., NaCl. 
Ferrous chloride is in contact with the wire at one end (^1), chlorine at the other 
(B). The arrows show the direction of the electrical current (positive stream) in 
the circuit. 

A simple type of oxidation and reduction cell seems best 
adapted to illustrate the essential nature of the phenomena 
under consideration, especially since the energy of vital processes, 
including that of the bioelectric currents, is usually derived from 
oxidations. Probably the simplest case is that of an easily 
oxidizable salt, e. g., ferrous chloride, in contact with a chemically 
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indifferent conductor, e. g., carbon or platinum, which is im- 
mersed in a solution of an electrolyte, e. g., NaCl. The ferrous 
salt may be in contact with only one region of the platinum 
wire, e. g., one of its extremities; if now an oxidizer (e. g., chlorine, 
bromine, nitric acid, etc.) be brought in contact with the other 
end of the wire, the ferrous salt is at once oxidized to ferric. 
The subjoined diagram (Fig. i) will illustrate, in which chlorine 
is regarded as the oxidizer. The rate of the process depends 
upon the concentrations of the FeCl2 and CI2 at the electrode 
regions, the area of the electrodes, and the electrical conductivity 
of the circuit. Each atom of chlorine reaching the wire at region 
B causes instant oxidation of a molecule of FeCl 2 to FeCl 3 ; 
i. e., each ferrous ion (Fe ++ ) becomes a ferric ion (Fe +++ ) by 
receipt of a positive charge from the wire; this charge comes 
from the chlorine atom which releases it to the wire, becoming at 
the same time a chlorine ion (Cl~). The number of chlorine 
ions in solution thus necessarily increases at the same rate as 
the number of ferric ions, and the only evident chemical changes 
are those occurring at the contact of the oxidizing and reducing 
substances with the wire. The current (positive stream) flows 
in the solution from the iron salt to the chlorine, and a certain 
process of rearrangement or change of ionic partners may be 
conceived as taking place throughout the whole intervening 
stretch of electrolyte-solution. 1 

The above account will indicate sufficiently the general char- 
acter of the physical and chemical changes taking place in any 
oxidation and reduction cell. At the anodic area Fe ++ ions are 
oxidized to Fe +++ ions; at the cathodic area electrically neutral 
chlorine atoms are reduced to Cl~ ions. The wire serves simply 
to convey electricity from the one region to the other. Similarly 

1 It is impossible to give a full exposition in this place, and the reader is referred 
to the textbooks of electrochemistry (Arrhenius, LeBlanc, Liipke, etc.) for a more 
detailed treatment. The electron theory includes all of the above phenomena as 
special cases. From the standpoint of this theory it is more correct to regard each 
Fe ++ ion as yielding an electron (negative charge) to the wire at region A; this 
displaces a corresponding electron at B; this electron is taken up by the CI atom 
which thus becomes a Cl~ ion. The flow of electrons constitutes the current in the 
wire; at the electrodes there is equal and simultaneous loss and gain of electrons by 
the substances (ions or other dissolved substances) at anode and cathode respec- 
tively. 
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any oxidizer which is capable of being reduced by FeCU may be 
substituted for chlorine; and any substance which is capable of 
being oxidized by the oxidizer may be substituted for the ferrous 
salt. 1 The above substances serve merely to furnish the simplest 
possible illustration. Oxidation at the anode, reduction at the 
cathode, with accompanying flow of current between the two 
regions, form the constant features of the phenomenon; ob- 
viously the energy of the current is derived from the energy of 
the oxidation. It will thus be readily understood that the 
chemical changes at the electrodes may in some cases be much 
more complex than those cited above for illustration; and that 
under certain conditions they may result in decompositions and 
syntheses of a far-reaching character. 

In the above diagram one half of the circuit, designated as 
medium M, is regarded as consisting of a metallic conductor 
which itself undergoes no chemical change; the other half, 
medium E, is the electrolyte solution. Obviously a metallic 
conductor which is not chemically indifferent but is capable of 
combining chemically with the ions of the electrolyte-solution 
will produce similar electrical effects. A metal of low solution- 
tension like zinc or iron will contribute cations to the solution 
at the anode; these will form chemical combinations according 
to the nature of the substances present in the solution. Or the 
reducing influence at the cathode will affect all reducible sub- 
stances there present; if, e. g., the cathode is composed of a 
conducting oxide like copper oxide, as in the Edison cell, this is 
reduced to the metallic state. Evidently the more complex the 
material of anode and cathode, and the more complex the con- 
tiguous solution, the more numerous the chemical transforma- 
tions that may occur. In all cases, however, Faraday's law 
holds, and the energy freed in the resulting process is strictly 
dependent upon the difference in the chemical potential of the 
substances undergoing transformation at the two regions. 

The case does not appear to be altered in essential principle 
when medium M is considered to be not a metal, but a second 

1 See the text-books of electrochemistry for examples of the various possible 
combinations. An oxidizable organic substance, e. g., pyrogallol, a-naphthol, 
sugar, may be the substance at the anode; a peroxide the oxidizer at the cathode. 
These examples are adduced to suggest biological possibilities. 
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electrolyte-solution, separated from medium £ by a thin parti- 
tion which prevents diffusion (i. e., is semi-permeable) and can 
undergo the chemical changes necessary for the generation of an 
electric current, e. g., oxidation at one region simultaneously 
with reduction at another. Under these conditions medium M 
may be permanently of a different composition from medium E, 
both are electrical conductors of the electrolytic kind, and local 
chemical changes resulting in ionization or deionization within 
the substance of the partition-film will result in corresponding 
electrical effects which may be transmitted and produce chemical 
effects at a distance just as in the case considered above. This 
appears to be the type of arrangement exemplified in the living 
cell. 

To understand how such currents may be formed without a 
metallic conductor it is necessary to consider more closely the 
nature of the part played by this conductor in the usual type of 
circuit. In the above example the platinum wire serves simply 
as a means for transmitting electricity, a positive charge passing 
to (or a negative away from) the metal from each CI atom and 
from the metal to each Fe ++ ion. Electroneutrality is thus 
preserved on either side of the interface; the only region where 
chemical change occurs is where electricity is thus added to or 
abstracted from the substances in contact with the electrodes. 
This last is the essential condition of all electrolyses; obviously 
the precise character of the chemical transformations in any 
special instance depends on the nature of the substances present 
at the electrodes. Extensive molecular rearrangements may 
take place under some conditions; thus the anodic oxidation 
may result in syntheses as well as in decompositions; similarly 
with the reductions at the cathode. In the interior of the wire 
no permanent change occurs, since at each region electrons are 
simultaneously entering from the one side and leaving from the 
other in equal quantity, leaving the local condition unaltered. 
In the interior of the solution diffusion-changes may occur; but 
apparently there are no interionic or intermolecular transfers of 
electrons, since the quantity of electricity passing through the 
circuit is strictly proportional to the number of ions reaching 
the electrodes and charging or discharging there (Faraday's 
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law). 1 The source of the current is thus the chemical changes 
taking place at the electrodes; in these changes electricity is 
added to the wire at one region and an equal quantity is simul- 
taneously abstracted at another. Precisely the same chemical 
change takes place and the same quantity of energy is freed 
when the chlorine is brought directly into contact with the solu- 
tion of ferrous salt; here the transfer of negative electricity 
from the ferrous ions to the chlorine atoms takes place without 
the intermediary of a metallic conductor. These considerations 
show that the metallic conductor, by acting as a source of elec- 
trons, merely enables the change of valence to take place without 
the direct contact of the chlorine and the ferrous salt. This 
effect follows because the affinity of the chlorine atom for a 
negative charge (i. e., electron) is greater than that of the 
ferrous ion ; the chlorine atom is thus able to abstract a negative 
charge from the metal and impel the ferrous ion to yield up a 
similar charge to it, — i. e., to assume an additional positive 
charge and become a ferric ion. The latter then interacts 
chemically with whatever other substances are available. 2 

In the oxidation and reduction circuit considered above, the 
current on the one side of the interface, i. e., in the metal, is con- 
ducted by a simple movement of electrons without chemical 
change; on the other side, i. e., in the solution, it is conducted 
by the diffusion of ions and the charging or discharging of ions 
at the electrode-areas, with consequent local chemical change. 
Let us now suppose that instead of the combination of a metallic 
conductor and an electrolyte-solution, we have two electrolyte 
solutions separated by a thin semi-permeable partition the sub- 
stance of which can combine chemically with the ions of one 
of the solutions. Such an arrangement corresponds to the case 

1 Were this otherwise, electricity could flow through the solution by shifting of 
electrons from ion to ion (or molecule to molecule, etc.) without the transport of 
the ion as a whole. This, however, does not seem to occur (unless the current- 
intensity is very high). It is only when the ion interacts chemically with the sub- 
stances at the electrode, or with the electrode itself, that any flow of current can take 
place. This is why electrolysis is always associated with the passage of a current 
through a solution. The metallic state appears to be characterized by a relatively 
high concentration and free mobility of electrons. 

2 The presence of potassium thiocyanate in the solution at the anode is a con- 
venient way of demonstrating the production of ferric ions. The ferrous salt 
should be as free as possible from ferric admixture. 
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of the living cell immersed in its normal medium. The two 
solutions are to be conceived as differing in their electrolyte- 
content, so that a potential-difference exists across the membrane. 
If now we consider a circuit as arising between different regions 
of the surface in consequence of some local chemical change in 
the substance of the partition, such as an oxidation, it is clear 
that the conditions of the flow of current in both solutions must 
be in principle similar to those just considered; i. e., the mode of 
current-transport accompanied by chemical change which pre- 
vails on one side of the interface in the example cited, i. e., in 
medium E, may equally well prevail on both sides. The essential 
conditions are that the chemical changes taking place at the 
interface must be of such a kind as to furnish free energy (for the 
flow of current), and that the necessary electro-neutrality of 
either solution is preserved intact. It is not difficult to imagine 
the general features of such an arrangement, although as regards 
the special nature of the conditions existing in living cells (the 
substances involved, the nature of the reactions, etc.) little 
definite can be said at present. In brief, then, the present con- 
ception regards the current in the interior of either solution as 
transported by the movement of ions in the usual manner; but 
in its transport across the boundary-partition chemical reactions 
are concerned; i. e., in this part of the circuit the essential change 
consists in transfers of electrons between interacting molecules 
or ions with corresponding chemical reactions which furnish the 
energy of the current. Such processes would be conditioned in 
the same essential manner as the processes at metallic electrodes, 
i. e., would be of the nature of electrolysis, since they would 
depend upon the flow of the current through the circuit. Hence 
they would be influenced by electric currents from outside 
sources, besides giving rise to currents when they occur of their 
own accord under normal conditions. It seems highly probable 
that the characteristic electrical properties of living cells depend 
upon arrangements of essentially this kind; the fundamental 
general fact that cell-activities both give rise to electrical cur- 
rents, and are themselves profoundly influenced by currents of 
outside origin, is most readily understood on this hypothesis. 
The special nature of the conditions in living cells may now 
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be briefly considered, although for the present little more can 
be done than to indicate the probable class to which the phe- 
nomena belong; the elucidation of details is a task for future 
research. In general the film separating the protoplasm from 
the external medium is thin and semipermeable, and the solu- 
tions on either side of this partition are of different composition. 
Hence the conditions for a potential-difference between proto- 
plasm and medium exist; and such a state of electrical surface- 
polarization is always found. This polarization varies char- 
acteristically with the nature and the physiological activity of 
the cell; and circuits are thus continually arising in active 
tissues (like muscle, nerve, etc.) between different regions of the 
cell-surface. The conditions under which the normal bioelectric 
circuits originate seem most closely analogous to those prevailing 
in such an arrangement as the " oxygen -hydrogen cell" of electro- 
chemistry, in which two platinum electrodes, charged respec- 
tively with oxygen and hydrogen, are immersed in an electrolyte- 
solution. In this case the oxygen electrode forms the cathode, 
the hydrogen, the anode; the oxygen gives up positive charges 
to the platinum when the circuit is closed, while the hydrogen 
receives such charges from the metal; the oxygen thus forms 
oxygen- or hydroxyl-ions, the hydrogen forms hydrogen-ions; 
and the union of these to form water furnishes the energy of the 
current. Let us suppose — to make the case concrete — that the 
external solution bathing the living cell contains oxygen, and 
that the surface-film consists of oxidizable material. In the 
resting condition of the cell there is a certain tendency for the 
oxidation to take place (or oxidation-tension), i. e., for the oxygen 
to impart positive charges to the oxidizable partition, becoming 
itself ionized ; but this tendency is held in check — just as in the 
oxygen-electrode when the circuit is open — because such a trans- 
fer would leave unbalanced negative charges behind in the 
medium. Hence an equilibrium exists, similar to that at the 
surface of any battery-plate with open circuit. But any change 
of condition by which negative charges may be set free in the 
protoplasm at any region will disturb this equilibrium and allow 
the combination to take place. The oxygen then imparts its 
positive charges to the oxidizable material of the partition ; this 
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on becoming positive may then combine with the negative ions 
present — which may be oxygen or hydroxyl or other available 
anions, according to concentrations, affinities, etc. — and the 
material assumes a higher state of oxidation ; other transforma- 
tions, including syntheses, may follow from this change. Such 
a process implies that a positive electrical stream enters the 
cell-surface from the medium at the site of oxidation, and leaves 
the cell at other regions ; at the latter regions presumably cations 
are given off from the cell-surface (which appears to act as a 
reversible electrode relatively to cations). A circuit thus flows 
through cell and medium, the positive stream flowing in the 
external medium toward the region of oxidation and away from 
the resting or chemically inactive regions. In other words, the 
local combination of oxygen with the cell-surface at any region 
involves the entrance of positive charges at that region, in a 
manner analogous to the entrance of positive charges at the 
cathode in the oxygen-hydrogen cell. So far as the physio- 
logical evidence extends, the region of highest oxidation-rate in 
cells does appear always to be negative (in the physiological 
sense) toward regions of lower oxidation-rate. This is indicated 
by the general fact that stimulated or active regions are negative 
relatively to inactive regions, oxygen being typically required 
for such activity; actively growing regions appear also to be 
negative relatively to less active or non -growing regions; this 
is seen in the regeneration of hydroid stems and of the tails of 
fishes, and in the growth of seedlings, 1 and is probably general, 
although at present the observations are insufficient to establish 
this generalization empirically. In such cases the negative 
regions — i. e., the regions where the positive stream enters the 
cells from outside — are the regions of most active constructive 
metabolism; and since oxygen is required for growth and re- 
generation, this fact may be regarded as an expression of the 
general connection between oxidation-processes and syntheses. 
It should be added that changes in the local physical or chemical 

1 Cf. Mathews, loc. cit. For the case of seedlings cf. M uller-Hettlingen, Pfiuger's 
Archiv, 1883, Vol. 31, p. 193. Hermann first observed that the growing root-tip 
in seedlings was strongly negative to other regions (Pfliiger's Archiv, 1882, Vol. 27, 
p. 288), and Miiller-Hettlingen followed the subject further at Hermann's sug- 
gestion. 
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condition of the surface-film, induced (e. g.) by external agents, 
may also produce bioelectric circuits accompanied by oxidation 
processes; thus a region of increased permeability resulting 
from stimulation may be the condition disturbing the equilib- 
rium ; or a local metabolic change may take place in the surface 
film resulting in abstraction of cations from the cell-interior by a 
process of reduction; in a circuit like that imagined above such 
a change would result in oxidation at other regions of the cell- 
surface. The conditions under which local oxidations occur 
and bioelectric circuits originate undoubtedly vary widely in 
different cells, and probably also in the same cell at different 
times. 

It thus seems clear that electrical circuits may originate 
through chemical reactions which take place at the boundary 
between solutions of different composition separated from each 
other by semi-permeable partitions having the properties of the 
plasma-membranes of living cells. There is no theoretical neces- 
sity for a conductor of the first class. Local transfers of elec- 
tricity to and from the protoplasm may occur simultaneously 
at two different regions of the cell-surface as the result of chemical 
interaction between the substance of the surface-film and ions 
or ion-yielding substances present in the protoplasm or in the 
medium; circuits between these regions thus arise. The possi- 
bility of this general condition must be admitted if we accept the 
general electrochemical theory that the metallic conductor in 
(e. g.) an oxidation-reduction cell enables the reaction to take 
place simply by serving as medium for the transmission of elec- 
trical charges. The phenomenon of chemical action at a distance 
appears indeed to be a clear demonstration that chemical action 
depends upon the transfer of such charges. The production of 
the bioelectric circuits becomes intelligible if we assume that the 
charges conditioning the reactions at the electromotor surfaces 
may be derived from oxidizing or reducing substances present 
in the protoplasm, or surroundings, just as readily as from a 
metallic conductor. 

This general conception is evidently related to the conception 
of ionic exchange in such a phenomenon as absorption. 1 Local 

1 See Hober's " Physikalische Chemie der Zelle," pp. 238 seq. 
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circuits should be equally possible in such cases, and these may 
be associated under certain conditions with chemical change. 
The action of strong electrolytes upon poorly conducting material 
(e. g., wood, rubber, leather, etc.) is probably accompanied by 
electrolytic action of this or similar kind. The distinction be- 
tween ordinary chemical action and chemical action due to 
electrolysis is in fact rendered arbitrary by the facts of chemical 
action at a distance. Wherever electrical transfer is possible 
under conditions not resulting in the development of a counter 
E.M.F. or other polarizing effect which arrests the current, the 
chemical influence may be transmitted to a distance. This 
explains why circuits are necessary to this process. Of course 
the rate of any reaction thus conditioned varies inversely with 
the electrical resistance of the circuit which determines it; and 
it is only when the resistance is relatively low — as in circuits 
consisting of a metallic conductor combined with an electrolyte- 
solution, or in circuits of two electrolyte-solutions separated by 
a polarizable semi-permeable partition — that such transmission 
can take place through considerable distances. 

A difficulty may be felt in accounting for the conduction of 
electricity across the membrane in living cells. This is normally 
semi-permeable, i. e., impermeable to ions and other diffusing 
substances; the continued existence of the cell depends in fact 
upon this condition. The assumption of a selective permeability 
to cations (or reversibility to cations) may remove the difficulty 
of explaining how the current can be conducted across the resting 
regions of the cell-surface. At the active regions conduction 
may take place by chemical reaction accompanied by electron- 
transfer, as already suggested. It seems possible, however, that 
at times the positive stream may pass from the cell-interior to 
the external medium without such chemical change; thus the 
addition of cations to the membrane from within, following 
stimulation at some other region, might disturb the polarization- 
equilibrium and detach corresponding cations from the outer 
surface; at such regions the current would flow from within 
outward without change in the membrane, as observed at the 
resting regions of the cell. In such a case the membrane would 
behave like a non-polarizable electrode. To what degree and 
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under what circumstances this possibility is realized is difficult 
to say. Certainly in most of the instances hitherto investigated 
(muscle, nerve) the passage of the constant current through the 
cell produces marked polarization-effects (i. e., sets up imme- 
diately a strong counter E.M.F.). Nevertheless the above possi- 
bility should be considered. 

V. General Conclusions. 

The foregoing discussion raises the question whether in organic 
growth the essential structural condition is not the presence of 
semi-permeable and hence electrically polarized partitions sepa- 
rating the living substance from its medium, and at which 
processes of electrolysis may take place. If this is so, the 
prevalence of the cellular type of organization would be largely 
accounted for. Organic growth (as well as normal maintenance) 
would then involve the deposition in the continuous surface- 
layer of materials which preserve the character of that layer, 
i. e., its continuity, semi-permeability, and specific physico- 
chemical composition. It is clear that any layer having such 
properties would have to form a closed surface; otherwise the dif- 
ference between the inner and outer solutions could not persist; 
hence a "cell" — mass of protoplasm enclosed by a membrane — 
would be the living unit. A tendency to a continual increase of 
this surface-layer in an appropriate nutrient medium would 
then constitute the primary feature of the growth-process. 
Evidently the continued growth of such a system would involve 
a decrease in the ratio of surface to volume: and the need of 
preserving this ratio above a certain minimum may be the condi- 
tion that has led to the association of cell-division with growth, 
as Herbert Spencer suggested long ago. According to this con- 
ception, "living" material would be essentially material at the 
boundary-surface or under the direct influence of the boundary- 
surface; definite limits would thus be imposed upon the dimen- 
sions of the individual living units. In general we find that 
protoplasm is partitioned freely; i. e., the ratio of surface- 
protoplasm (membrane-protoplasm) to the total mass is usually 
large. The exceptions (yolk-laden eggs, muscle cells, certain 
plant-cells) may be explained on special grounds. 
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There is no doubt that the distinctive vital properties of 
self-maintenance, growth, and reproduction are closely inter- 
connected ; it would probably be more correct to say that they 
are manifestations of the same fundamental physiological activity 
under somewhat different conditions. The essential feature of 
this activity is constructive metabolism of a specific kind. The 
mechanism determining this process of construction must be 
intimately connected with the mechanism determining the re- 
sponse to stimulation, since stimulation, which effects a break- 
down of the living substance, must itself form the condition 
of the restitution of the broken-down material, if the system 
is to continue to exist. This was clearly recognized by Claude 
Bernard. 1 Some kind of self -regulating cycle, in which a destruc- 
tive process calls forth automatically or inevitably a counter- 
process of repair, would thus seem to be the necessary foundation 
of any form of vitality. An analogy to this condition is seen in 
the chemical processes of any electrolytic circuit; just as oxida- 
tion at the one electrode involves the inverse process at the other 
electrode, so decomposition or structural breakdown at one 
region of the cell-surface may, by giving rise to a local bioelectric 
circuit, directly determine a reparative synthesis either at the 
same or at an adjoining region. 2 Some general physico-chemical 
condition of a simple kind must be common to all of the various 
types of living system, since they are all living. The universality 
of the cellular type of organization seems — to my mind at least 
— to indicate that the essential structural condition in living mat- 
ter is the presence of polarizable partitions at which processes of 
electrolysis, including both syntheses and decompositions, are 
to be conceived as taking place under the influence of local 
electrical circuits. The self-maintaining character of the living 
system, its responsiveness to outside influence (especially of an 
electrical kind), and the transmission of chemical influence to a 
distance, become to a considerable degree intelligible on such an 
hypothesis. These considerations may appear too speculative 
to many; but further advance in physiological analysis seems to 
demand that the fundamental vital processes should at least be 

1 Cf. e. g., "Lecons sur les phenomSnes de la vie," Vol. 1, p. 127. 

2 For further discussion of this possibility cf. my recent paper, Amer. Journ. 
Physiol., 1917, Vol. 43, pp. 56, 57. 



1 86 RALPH S. LILLIE. 

assigned to their proper physico-chemical classes. The similar- 
ities between the phenomena described in this paper and many 
of the most characteristic peculiarities of the growth-process in 
organisms seem to me to be too detailed not to signify an identity 
in some essential underlying condition. The need of a physico- 
chemical analysis of the growth-process is clear; growth is un- 
questionably the most fundamental of vital activities, and any 
adequate theory of growth would be equivalent to a theory of 
the vital process itself. 



